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ABSTRACT 
With the development of new design and construction methods, bridge design and 
analysis have been continuing to evolve, in an effort to facilitate fast, efficient, and cost-
effective bridge construction. Two such issues addressed in this dissertation are use of hollow 
concrete bridge columns, and accelerated bridge construction (i.e., ABC) methods in seismic 
regions. Current seismic design specifications (e.g., Caltrans Seismic Design Criteria and AASHTO 
LRFD Bridge Design Specifications) require pushover analyses to be performed in order to 
accurately assess the displacement capacities of bridges. In pushover analyses, accurate models 
to capture the nonlinear behavior of critical members in a bridge system is the most important 
and challenging part. The overall goal of the current research is to advance the seismic analysis 
capability in order to enhance the design and construction practices of bridges in seismic zones. 
In consideration of hollow bridge columns design and accelerate bridge construction method, 
the focus of the current study is to understand the confinement effect in hollow bridge columns 
and the load transfer characteristics of unstressed strands used as connection reinforcement 
for precast concrete members. 
The confinement effect in both circular and square hollow bridge columns was 
investigated through detailed analytical studies by employing finite element analysis (FEA) 
method. The main variables were confinement configuration, wall thickness and confinement 
reinforcement amount.  Understanding of confinement effect in both solid and hollow concrete 
columns was improved using fundamental key variables such as concrete dilation and confining 
pressure. It was shown that the effects of confinement in solid and hollow concrete columns 
are very different. The difference in behavior was due to variations in concrete dilation and the 
distribution of confining pressure across the wall thickness. Furthermore, it is shown that the 
effectiveness of confinement in hollow concrete columns could be quantified using 
confinement configuration, wall thickness, and confinement reinforcement ratio as the main 
variables. 
After realizing that the confinement effect in hollow concrete columns with a single 
layer of transverse reinforcement is not as good as that established for solid concrete columns, 
xxii 
 
a modeling method was proposed to account for this reduction of confinement effectiveness. 
Suitable modifications were introduced to an existing, widely-used confined concrete model 
(i.e., Mander’s model) based on a detailed FEA. The force-displacement responses predicted 
using the modified confined concrete model, which is applicable for hollow columns with a 
single layer of reinforcement, were compared to both previous research and the experimental 
responses in the current study. Satisfactory agreement was found. 
Finally, the load transfer characteristic of unstressed strands was examined based on 
pullout tests. With the development of ABC, strands provide an economical and practical 
solution as connection reinforcement of precast concrete members and could be used to 
connect a hollow column to cap beam or foundation. The unstressed strands were embedded 
in large concrete blocks with different anchorage details and various embedment lengths. The 
relationship between strand stress and loaded-end slip was developed and several design 
recommendations have been made regarding the use of unstressed strands for connection 
reinforcement of precast concrete members. 
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 INTRODUCTION 
1.1 Overview 
Bridges play an essential part in civil infrastructure. They are built to connect different 
communities with physical obstacles, such as body of water, valley, or road. In recent years, 
traffic demand has grown tremendously without a corresponding increase in highway capacity.  
It was noted in the 2013 Report Card for America’s Infrastructure by ASCE that over two 
hundred million trips are taken daily across deficient bridges in the nation’s 102 largest 
metropolitan regions (ASCE, 2013). Several deficient bridges are also located in high seismicity 
areas, such as the state of California.  In the state of California, 2,978 (12.0%) and 4,178 (16.8%) 
of the 24,812 bridges are considered structurally deficient and functionally obsolete, 
respectively (ASCE, 2013). Maintenance, rehabilitation, or replacement of those large-scale, 
urban deficient bridges in metropolitan regions to ensure adequate seismic capacity and bridge 
safety during an earthquake event is the main concern for bridge engineers.  
Past earthquakes, such as the 1971 San Fernando earthquake, 1994 Northridge 
earthquake, 1995 Great Hanshin earthquake (also known as Kobe earthquake) in Japan, and 
1999 Chi-Chi earthquake in Taiwan, have demonstrated that bridges are vulnerable to 
earthquakes (Figure 1-1). Significant structural damages associated with a great amount of 
financial loss and more importantly, human loss, were observed, which could be attributed to 
underestimation of earthquake design loads and use of elastic design method (i.e., allowable or 
working stress method). Following these destructive earthquakes, significant research has been 
devoted to improving the seismic design criteria for bridges. With the research outcomes and 
the experience gained from past earthquakes, significant lessons and knowledge about the 
seismic design of bridge structures are built up and incorporated into the current seismic design 
codes. One of the most important lessons is that the capacity design method, where inelastic 
deformation is allowed to occur at target locations, is more applicable for seismic design of 
reinforced concrete structures, compared to the elastic design method.  
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In recent years, several more significantly strong earthquakes struck the world, including 
the Tohoku-Oki Earthquake (March 11, 2011), a sequence of Christchurch earthquakes from 
September 2010 to December 2011, and the Chile earthquake in 2010, which continue to 
highlight the structural deficiencies and current insufficient knowledge about seismic design for 
bridges. It was found that the bridges that were designed or retrofitted based on current 
seismic design philosophy performed relatively satisfactorily, with very minor damage observed 
due to the ground shaking (Kawashima and Buckle, 2013).  
With the development of new design and construction methods, bridge design and 
analysis have been continuing to evolve, in an effort to facilitate fast, efficient, and cost-
  
  
Figure 1-1: Highway bridges collapse due to past earthquakes: (a) Santa Monica Freeway 
damage during the 1994 Northridge Earthquake; (b) Simi Valley Freeway column damage 
during the 1994 Northridge Earthquake; (c) Collapse of bridge spans during the 1999 Chi-Chi 
Earthquake; (d) Kobe Expressway collapse during the 1995 Kobe Earthquake.  
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effective bridge construction. Two such design and construction methods include designing 
new structural members, such as hollow concrete bridge columns and using accelerated bridge 
construction (i.e., ABC) methods. In the current seismic design codes (SDC, Caltrans 2013 and 
AASHTO Guide Specification for LRFD Seismic Bridge Design, AASHTO 2014), equivalent static 
analysis and linear dynamic analysis are both used to estimate the force and displacement 
demands for the entire structural system and its individual components. In addition, pushover 
analyses (i.e., nonlinear static analyses) are required by current seismic design codes (i.e., 
Caltrans, 2013 and AASHTO, 2009) to assess the capacity of the bridge bents for seismic design 
category (SDC) D bridges. However, current nonlinear sophisticated analyses are not sufficient 
with the new bridge design details unless the behavior of critical components can be accurately 
simulated. Therefore, new analytical modeling methods need to be integrated in the current 
model simulations to reflect the new design and construction choices. 
To ensure the accuracy of seismic design and analysis is not compromised by the current 
design and construction technology, improved understanding of structural seismic behavior and 
advancement in the methods used to predict structural response will be required. Significant 
research effort has contributed to the development of behavioral models and modeling 
techniques to predict the earthquake response of bridges with new design and construction 
choices. 
1.2 Seismic Design Philosophy of Bridges 
For bridges built in seismic zones, current seismic design codes (Seismic Design Criteria, 
Caltrans 2013 and AASHTO Guide Specification for LRFD Seismic Bridge Design, AASHTO 2014) 
require that bridge structures should be designed to behave in a ductile manner in the event of 
a moderate and severe earthquake, so that they can undergo large inelastic deformation 
without significant degradation of flexure strength. Bridge column design is more critically 
affected by seismic considerations, compared to the design of other parts of a bridge.  This is 
because in current seismic design philosophy, ductile regions (also known as plastic hinge 
regions), which will experience inelastic strains and deformation when the bridge is subjected 
to a moderate or severe earthquake excitation, are pre-selected and confined to the column 
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ends. The formation of plastic hinges allows the structure to dissipate seismic energy imparted 
to the bridge by the seismic excitation and prevent structural collapse. The remaining parts of 
the bridge structure (i.e., superstructure and foundation), which are defined as the capacity 
protected components, should be designed to respond elastically even under severe 
earthquake excitations, unless otherwise required by bridge owners (Caltrans, 2013).   
The column ductility capacity is generally achieved by ensuring adequate ductility of the 
plastic hinge regions, which depends on the reinforcement details within and adjacent to the 
plastic hinge regions.  Columns with adequately confined concrete cores, with transverse 
reinforcement and sufficiently anchored longitudinal reinforcement, have been shown to have 
the necessary ductility capacity. The column ductility capacity is usually determined by the 
moment-curvature analysis, where the curvature corresponding to a range of moments for a 
cross section is derived based on the principles of strain compatibility and force equilibriums.  
1.3 Seismic Analysis of Bridges 
Seismic analysis of bridges plays an essential part in current seismic design practice, to 
determine the force and deformation demands as well as the capacities of a structural system 
and its individual components.  
The seismic response of a bridge is a three-dimensional, nonlinear, dynamic complex 
problem. There are many factors that contribute to the nonlinear behavior of a bridge, such as 
the material nonlinearity, geometric or second-order effects, nonlinear soil-foundation-
structural interaction, gap opening and closing at hinges and abutment locations, time-
dependent effects due to concrete creep and shrinkage, etc.  Nonlinear analysis is expected to 
cover the entire loading process, starting with initial elastic behavior, through the nonlinear 
behavior, up until the full development of the plastic hinges.   
Pushover analysis is a commonly-used analytical method in current practice and is 
enforced by current seismic design codes (i.e., Caltrans, 2013 and AASHTO, 2009), to verify the 
capacity of the bridge bents for seismic design category (SDC) D bridges. The Seismic Design 
Criteria (Caltrans, 2013) requires a minimum local displacement ductility capacity for ductile 
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members of three for cantilever columns, and equal or greater than three for fixed-fixed 
columns, so that the adequate rotational capacity in the plastic hinge regions can be achieved.  
However, the pushover analysis will not provide reliable results if the behavior of critical 
components in the entire bridge structural system could not be represented accurately.  It has 
been found that the analytical results from nonlinear analysis are extremely sensitive to the 
input behavior characteristics of critical components (Snyder, 2010). Therefore, the behavior of 
critical components in a bridge system has to be accurately modeled so that the results 
obtained from the nonlinear analysis can be dependable. The development of new bridge 
design and construction methods brings up new challenges for the nonlinear analysis. These 
challenges need to be tackled to improve the seismic analysis of bridge structures, so as to 
safely embrace the advancements in bridge design and construction practices. 
1.4 Accelerated Bridge Construction 
As mentioned previously, the demand for highway bridges increases at a fast rate with 
traffic expansion and much of the current highway system is in need of rehabilitation and 
replacement. Therefore, a significant number of highway bridges have been or are being built 
to accommodate the increased demand and replace those deficient aging bridges. Among the 
current technologies for bridge construction, accelerated bridge construction (ABC) methods 
are becoming a preferred alternative to traditional cast-in-place concrete construction 
techniques due to many advantages that the ABC methods offer. These advantages include 
reduced construction time, decreased traffic disruption and less environmental impact by 
converting most of the construction work from the field to the controlled shop. Although ABC 
would offer significant benefits, precast girder connections usually lack adequate positive 
moment capacity between the girders and the cap beam. Therefore, the precast girders have 
not been widely used in seismic areas. In order to achieve adequate positive moment 
connections between precast bridge girders and the cap beam, several connection details were 
proposed to facilitate ABC in seismic regions. Figure 1-2 shows one such connection, where four 
unstressed, bonded prestressing strands were placed through the connection and then filled 
with grout.  Large-scale testing verified that the precast spliced girders with integral 
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column/superstructure details are able to resist longitudinal seismic loads effectively. However, 
limited well-formulated procedures are available to model such connections in the pushover 
analyses.  
 
 
Figure 1-2: Positive moment connection details (Snyder, 2010) 
 
One suitable approach to capture the concentrated deformation at the interface 
between the precast girder and the cap beam is to model the strand stress vs. displacement 
response directly in the simplified global analysis. Thus, an accurate prediction of the global 
response could be attained. In considerate of the current state-of-the-art, limited research is 
available regarding the formulation of such relationships that could be directly applied in the 
current analysis methods. In order to improve the nonlinear analysis of the entire bridge system 
and advance the seismic design for the connection details between precast girders and the cap 
beam, a series of strand pullout tests were conducted to investigate the load transfer 
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characteristics of unstressed strands used as connection reinforcement of precast concrete 
members, in an effort to propose a hysteretic rule that could quantify the behavior of the 
interface between the precast girder and cast-in-place cap beam. 
1.5 Hollow Columns 
Besides ABC, hollow columns also have become popular with the development of taller 
and longer bridges construction. Since bridge columns are usually designed for a low axial load 
ratio and high flexural moment, the solid column section is not always efficient except for 
reducing the axial stress due to the gravity loads. The central portion of the column sections 
provides little moment resistance, but it adds seismic mass to the structure. In order to increase 
the efficiency of the materials and reduce the seismic mass, hollow reinforced concrete 
columns are becoming a preferred choice, especially for tall bridge columns in seismic regions. 
Figure 1-3 provides a picture of the high-speed rail project in Taiwan using the hollow section 
for the columns and the corresponding configuration of the lateral reinforcement used.  The 
reduction in seismic mass associated with the use of hollow columns can improve the overall 
structural behavior due to the reduction in inertia forces generated during an earthquake. The 
reduced inertia force not only makes the column design efficient, but also reduces the design 
force in the superstructures and foundations, reducing the overall structural cost. However, 
bridge columns with hollow sections are seldom used in seismic regions of the US.  This is 
because their structural behavior is not well understood and significantly different design 
recommendations have been suggested by different researchers. In current practice, the 
confined concrete behavior for hollow bridge columns is assumed to be the same as solid 
columns and designs are performed accordingly. However, the confined concrete models that 
were developed and verified based on solid columns may not be applicable for hollow columns, 
due to the complexity of strain states coming from the void in the middle of the column section 
and its negative influence on the effectiveness of confinement. The applicability of the confined 
concrete models developed for solid sections to hollow sections has not been studied 
extensively and requires a detailed investigation.  
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Figure 1-3: Hollow bridge columns of the high-speed rail project in Taiwan (Mo et al. 2003)  
 
Designing the amount and spacing of confinement reinforcement for seismic bridge 
columns with solid sections is fairly well established.  However, significant inconsistences in the 
required amount and variations in quantifying some of the key parameters (e.g., ultimate 
compression strains) continue to exist (Shelman and Sritharan, 2014). The confinement topic 
has created more inconsistences in the design of hollow reinforced concrete columns due to 
the lack of fundamental understanding of confinement effect when subjected to axial 
compression with a void in the middle of the section. Although limited research exists, previous 
studies focused largely on studying flexure and shear behavior of hollow concrete columns 
through large-scale tests.  Some researchers tested columns confined with a single layer of 
transverse reinforcement that was placed near the outside surface of the concrete wall (e.g., 
Zahn et al., 1990; Hoshikuma and Priestley, 2000; Ranzo and Priestley, 2001).  They found that 
limited ductile behavior could be achieved for these columns if the axial load ratio, wall 
thickness-to-section diameter ratio, longitudinal reinforcement ratio, as well as transverse 
reinforcement amount and spacing are all designed properly, such that the neutral axis would 
be located within the concrete wall thickness (Zahn et al., 1990).  This would eliminate the 
possibility of the inside concrete wall experiencing high compressive stress, hence allowing the 
Configuration of 
lateral reinforcement 
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section to experience limited ductile behavior.  Figure 1-4 presents the relationship between 
the lateral force and displacement of specimen HF1 tested by Hoshikuma and Priestley (2000). 
The failure of this specimen was controlled by the concrete crushing on the inside face at a 
longitudinal compressive concrete strain of 0.005 in/in. 
 
 
Figure 1-4: Lateral force vs. displacement response of specimen HF1 tested by Hoshikuma et 
al. (2001), (1 mm = 0.0394 in., 1 kN = 0.225 kips) 
 
Some other researchers (e.g., Yeh et al., 2001 and 2002) tested hollow columns confined 
with two layers of transverse reinforcement, distributed equally close to both the inside and 
outside surfaces of concrete wall, connected with cross-ties. Although labor intensive, they 
stated that this type of confinement configuration was effective for hollow sections because 
the inside concrete wall had to be confined to reach a higher axial concrete strain in the inner 
region. The inner layer of transverse reinforcement is to prevent concrete crushing at the inside 
concrete wall and to allow the member to reach a higher ductility level, if the inner layer of 
transverse reinforcement was tied to the outer layer of transverse reinforcement effectively.  
Their test results confirmed that this type of confinement configuration was more effective 
 10 
 
when compared to the configuration with a single layer of transverse reinforcement placed 
near the outside concrete wall only.  This is because the column failure in this case was 
dominated by longitudinal reinforcement rupture instead of inside concrete wall crushing. A 
higher ductility (in the range of eight to ten) was experienced by the test specimens with two 
layers of transverse reinforcement connected with cross-ties.  Figure 1-5 shows the lateral force 
vs. displacement response of specimen PS1 tested by Yeh et al. (2002). However, the 
interaction between the two reinforcement layers is not well understood.  Placing two layers of 
confinement reinforcement connected with cross-ties also creates significant construction 
challenges, as it requires more labor and construction time, compared to placing one layer of 
confinement reinforcement. With two layers of confinement reinforcement, some additional 
longitudinal reinforcing bars will also be needed closer to the inner surface of the concrete wall 
for construction purposes.  
 
Figure 1-5: Lateral force vs. displacement response of specimen PS1 tested by Yeh et al. 
(2002), (1 mm = 0.0394 in., 1 kN = 0.225 kips) 
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1.6 Research Scope and Objectives 
Given the current limitations on both the bond characteristics of unstressed strands 
used as connection reinforcement of precast concrete members and confined concrete 
behavior in hollow bridge columns, the overall scope of the research is to advance seismic 
analysis capability in order to enhance the design and construction practices of bridges in 
seismic zones.  The project scope is fulfilled by achieving the following objectives: 
 
1. Investigate the confinement effect in hollow bridge columns with the amount of 
transverse reinforcement, confinement configuration and wall thickness as the main 
variables; 
2. Examine the applicability of commonly-used confined concrete models in seismic design 
practice for hollow bridge columns and identify areas where improvements are needed; 
3. Study the load transfer characteristics of unstressed strands anchored in grouted ducts 
or concrete; 
4. Establish a relationship between the strand stress and displacement at the connection 
interface that is able to be directly applied in simplified global model to capture the 
concentrated deformation at the connection between a precast girder and a cap beam 
in an effort to facilitate ABC in seismic regions. 
 
The above objectives were achieved by using a combination of analytical and 
experimental investigations. The analytical study was completed using 3D finite element 
models developed in ABAQUS (CAE 6.12, 2012). A series of analyses were performed on 
concrete columns subjected to concentric axial compression with different amounts of 
transverse reinforcement, wall thicknesses and confinement configurations. The experimental 
study was completed by conducting pullout tests on unstressed strands with different strand 
sizes, concrete strengths, anchorage lengths, anchorage details at the end, and loading types. A 
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total of 16 small-scale columns subjected to both axial and lateral loads were also tested, with 
the section shape, wall thickness, axial load ratio, and loading type as the main variables. 
1.7 Thesis Layout 
Following the introduction presented in this chapter, the current state of the art 
regarding the confined concrete models, the flexure performance of hollow bridge columns and 
the bond characteristics of unstressed strands are reviewed and summarized in Chapter 2. 
Chapter 3 investigates the confinement effect in circular hollow columns with the aid of finite 
element analysis method. After recognizing that the confinement effectiveness in circular 
hollow columns confined with a single layer of confinement reinforcement is not as well as that 
established for solid concrete columns, suitable modification factors were proposed to a well-
recognized and widely-used confined concrete model (i.e., Mander’s model) in current seismic 
design practice. The proposed modification factors and modeling method are presented in 
Chapter 4 and were verified by comparing the analytical results, predicted using the proposed 
modeling method, to the experimental results obtained from both previous research and the 
current study. Chapter 5 investigates the confinement effect in square hollow columns, 
following the same analytical approach presented in Chapter 3 for circular sections. Chapter 6 
examines the use of unstressed strands as connection reinforcement of precast concrete 
members and studies the bond characteristics of unstressed strands through conducting 
pullout tests. Conclusions, recommendations and future research are discussed and 
summarized in Chapter 7. 
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 CURRENT STATE OF KNOWLEDGE 
To safely incorporate the new design and construction methods in current bridge 
practice, such as hollow bridge columns and accelerated bridge construction as presented in 
Chapter 1, the corresponding seismic analysis of bridges need to be evolve. As mentioned in 
Chapter 1, pushover analysis is a commonly used analytical method in current practice and 
current seismic codes enforce pushover analyses to be performed to assess the displacement 
capacities. In pushover analyses, accurate models to capture the behavior of nonlinear critical 
members in a bridge system are the most important and challenging part. In considering of 
hollow bridge columns design and accelerate bridge construction method, the focus of the 
current study is to understand the confinement effect in hollow bridge columns and the load 
transfer characteristics of unstressed strands used as connection reinforcement for precast 
concrete members. This chapter will present information on the current knowledge of the 
confined concrete models, the flexural behavior of hollow reinforced concrete columns, and 
the bond characteristics of strands. 
2.1 Confined Concrete Models 
It has been well-established that bridge structures should be designed to behave in a 
ductile behavior in high seismic regions. The ductility of the entire bridge structure is typically 
provided by the plastic hinge regions located at the column ends, where adequate transverse 
reinforcement is required to confine the core of compressed concrete and to prevent 
unfavorable failure caused by shear or buckling of longitudinal reinforcement.  While the plastic 
hinge regions help the entire bridge structure dissipate energy caused by earthquake 
excitations, they will experience structural damage.  
Well-confined concrete members could sustain large axial concrete compressive strains 
without significant degradation of concrete strength. This stress-strain characteristic of 
confined concrete plays an essential role in the structural behavior of plastic hinge regions, 
which are designed to withstand extreme loads, such as that created by earthquakes. Over the 
past decades, various studies have investigated the effect of confinement provided by 
transverse reinforcement. Several models have been formulated by past researchers to define 
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the stress-strain relationship of concrete confined with transverse reinforcement. These 
analytical confined concrete models were essentially developed based on experimental testing 
of small-scale solid concrete columns subjected to concentric axial load at quasi-static rates of 
strain. One of the most widely-used and well-accepted confined concrete models in current 
practice is the model proposed by Mander et al. (1988). The Caltrans Seismic Design Criteria 
(2013) and the AASHTO LRFD Seismic Bridge Design Specifications (2011; 2012; 2014) have 
endorsed this model for bridge design practice. This model has been shown to provide 
satisfactory response for bridge columns subjected to flexural loading when the confined 
concrete is modelled accordingly. Besides the model proposed by Mander et al. (1988), there 
are several other confined concrete models that also describe the increased strength and 
ductility of concrete due to the confinement reinforcement. They include, but are not limited to, 
the models suggested by Park et al. (1982), Saatcioglu and Razvi (1992), and Hoshikuma et al. 
(1997). Most of these confined concrete models consist of three parts: an ascending branch, a 
descending branch, and a sustaining branch representing the residual stress, except the model 
proposed by Mander et al. (1988), in which a unified model was suggested. Although the 
confining effect provided by transverse reinforcements in solid sections is relatively well 
understood, the formulated analytical models for confined concrete are significantly divergent, 
depending on the different researchers. The most important three parameters that describe 
the stress-strain relationship of confined concrete are the peak concrete stress, the concrete 
strain corresponding to the peak stress, and the deterioration rate in the descending branch. 
These three parameters were found to be affected by: 
• Unconfined concrete strength 
• Transverse reinforcement volumetric ratio 
• Transverse reinforcement spacing 
• Transverse reinforcement configuration and the resulting longitudinal reinforcement 
distribution 
• Strain rate 
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Details of some of the most widely-recognized confined concrete models will be 
reviewed and summarized in the following sections, which are presented in chronological order.  
(a) Kent and Park (1971) 
 
Kent and Park developed a stress-strain model for concrete confined by 
rectangular hoops in 1971. The ascending branch was not affected by the confinement. 
The peak concrete stress and the strain corresponding to the peak stress were 
conservatively assumed to be the same as unconfined concrete. The confinement effect 
was reflected by the deterioration rate in the descending branch only, which depended 
on the volumetric ratio of confining steel, the width of the confined core, the spacing of 
the confining steel, and the unconfined concrete strength. 
 
(b) Vallenas et al. (1977)  
 
The objective of this study was to develop a more dependable stress-strain 
relationship for confined concrete subjected to axial compression due to the effects of 
concrete cover, lateral reinforcement, and longitudinal reinforcement. A total of 14 
specimens were tested, with 12 reinforced and 2 plain concrete specimens. The details 
of the test specimens and corresponding failure types are shown in Table 2-1. The test 
results indicated that concrete cover did not seem to affect the confined concrete 
behavior. Also, the confined concrete specimens showed a significant increase in 
ductility and 10% increase in peak stress, and the longitudinal reinforced concrete 
specimens showed a further increase in concrete strength compared to confined 
concrete specimens. Based on the experimental investigation, the derived analytical 
model incorporated the confinement effects on both the peak stress and the ductility.  
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Table 2-1: Test specimen detail and failure type by Vallenas et al., 1977 
Specimen 
type 
Number of 
specimens 
Dimension, 
in. 
  Failure type 
Longitudinal 
reinforced 
concrete 
specimens 
3 10”×10”×30” 3.53% 
1.535% 
Longitudinal bars 
buckling and 
stirrups rupture 3 9”×9”×30” 4.34% 
Confined 
concrete 
specimens 
3 10”×10”×30” 0 
Stirrups hooked 
ends slipped 
3 9”×9”×30” 0 
Plain 2 
10”×10”×30” 
9”×9”×30” 
0 0 Brittle 
 
(c) Sheikh and Uzumeri (1979)  
 
The influence of the distribution and number of longitudinal reinforcing bars, as 
well as the resulting configuration of rectangular overlapping hoops on confined 
concrete behavior was investigated in this study based on an experimental program.  
 
The experimental results validated significant increase of strength and ductility 
of well confined concrete members in terms of well distributed longitudinal bars and 
lateral ties. The idea of effectively confined concrete area was first proposed, which 
represented the reduced confinement effectiveness of concrete members reinforced by 
rectangular hoops than closely spaced circular hoops or spirals. The effectively confined 
concrete area is smaller than the concrete core embraced by the centerline of 
confinement due to the arching effect. 
 
A ratio between the effectively confined areas to the total core areas was 
determined based on an assumption of arching occurring in the form of second degree 
parabolas, which is shown in Equation 2-1. 
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Where,  
!": center to center spacing of longitudinal bars 
n: number of longitudinal bars that are supported by the corner of a hoop  or by a cross 
tie 
s: center to center spacing of the hoop sets 
 
The confined concrete strength was defined as Equation 2-3 
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The slope of the falling branch is determined by the value of stress at 85% of peak stress. 
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Where,  
c is the average of ci, if they are different. 
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(d) Park et al. (1982)  
 
The model proposed by Park et al. (1982) is a modified Kent and Park’s model, 
which considered the confinement effect on both peak stress and strain corresponding 
to the peak stress. The confinement effect, which is represented by the enhancement 
factor K, is shown in Equation 2-8. 
 
E = 1 + D (01(<	    (Equation 2-8) 
 
The peak stress, the strain corresponding to the peak stress and the 
deterioration rate in the descending branch for the proposed confined concrete model 
are 
 
′ = E′    (Equation 2-9) 
 
F = EF    (Equation 2-10) 
 
GH = .IJ3.K/)	
2L/)	M333*.NB.,
1"
. ;.=P
, ′ 5Q 56 RST (Equation 2-11) 
Where, 
h” is the width of concrete core measured to outside of the peripheral hoops 
 
(e) Scott et al. (1982)  
 
This model was developed based on experimental testing on square reinforced 
concrete specimens that have a cross-sectional dimension of 17.7 in. by 17.7 in. and a 
height of 47.2 in. The specimens were reinforced with different hoop arrangements, 
volumetric confining steel ratios and longitudinal reinforcement arrangements, which 
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were subjected to low and high strain rates. The test column details are shown in Table 
2-2. 
Table 2-2: Test column details by Scott et al. (1982) 
Reinforcement 
arrangement 
Number of 
specimens 
Dimension, 
in. 
 UV, ksi  UV, ksi 
 
4 
17.7”×17.7” 
×47.2” 
0.0179 
63 0.0182 44.8 
4 63 
0.014-
0.0309 
43-44.8 
4 39.5 
0.014-
0.0309 
44.8 
 
4 
0.0186 57 
0.0174 44.8 
4 
0.0134-
0.0293 
43-44.8 
 
It was found that the peak concrete strength increases as the strain rate 
increases, and so does the strain corresponding to the peak stress and the deterioration 
rate in the descending branch. Therefore, the researchers suggested the factors E and 
GH proposed by Park et al. (1982) could be multiplied by 1.25 when the load was 
applied at a faster strain rate (0.0167/sec). Thus, for the high strain rate (typical of 
seismic loading), the factor E and GH are expressed as 
 
E = 1.25 × (1 + D (01()	 )   (Equation 2-12) 
 
GH = .X=IJ3.K/)	
2L/)	M333*.NB.,
1"
. ;.=Y
, ′ 5Q 56 RST (Equation 2-13) 
 
The ultimate concrete compressive strain was defined as the first hoop fractured. 
Based on the equilibrium, the ultimate concrete compressive strain is conservatively 
suggested as 
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FZ = 0.004 + 0.9D (01]   (Equation 2-14) 
 
(f) Mander et al. (1988) 
 
A unified stress-strain relationship for confined concrete, which permitted cyclic 
loading, was proposed by Mander et al. (1988). In this study, a more rational method to 
predict the ultimate concrete strain using strain energy equilibrium was suggested. 
 
Compared to the confined concrete models presented previously, this model can 
be used to describe the stress-strain relationship of concrete members confined by 
circular hoops/spirals or rectangular hoops. The model can also be applied to wall 
sections, where the effective confining pressure in the x and y directions are not the 
same.   
 
Mander et al. used the concept of effective confining stress and followed the 
similar way of confinement effectiveness as described by Sheikh and Uzumeri (1979). 
They claimed that the most significant parameter affecting the shape of the confined 
concrete stress-strain curve is the effective confining stress provided by the transverse 
reinforcing steel. The confinement effectiveness factor for circular hoops, spirals, and 
rectangular hoops were developed as  
 
&^ = _:;
.)
`.a

:;B		 , !5b!cdTb ℎeefQ  (Equation 2-15) 
 
&^ = _:;
.)
`.a
:;B		 , !5b!cdTb Qf5bTdQ  (Equation 2-16) 
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&^ = _:;∑
(g))hi	`	
 a(:; .
)
i	)(:;
.)
`	)
(:;B		) , bj!kT6lcdTb ℎeefQ (Equation 2-17) 
 
where Q< is the clear spacing between spiral or hoop bars and D is the ratio of area of 
longitudinal steel to area of core of section. 
 
A total of 31 nearly full-size concrete columns were tested under concentric axial 
compression to validate the proposed confined concrete model for circular cross 
sections and rectangular wall sections. Square cross sections were validated using the 
experimental results provided by Scott et al. (1982). The detail of the test columns is 
shown in Table 2-3. 
 
Table 2-3: Test column details by Mander et al.(1988), (a) Circular sections and (b) 
Rectangular wall sections 
(a) Circular sections 
Variables 
Number of 
specimens 
Dimension   Strain rate 
Transverse 
reinforcement 
6 reinforced 
+ 1 plain 20 in. dia. with 
a height of 60 
in. 
0.0159-
0.0163 
0.006-
0.025 
0.013 
Longitudinal 
reinforcement 
6 reinforced 
+ 1 plain 
0.032-
0.048 
0.02 
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(b) Rectangular wall sections 
Reinforcement 
arrangement 
Number of 
specimens 
Dimension, 
in.   Strain rate 
 
8 
5.9”×27.6” 
×47.2” 
0.03-
0.056 
0.0162-
0.0708 
0.00001 
and 0.0133 
 
1 0.03 0.0427 0.00001 
 
3 
0.019-
0.03 
0.0307-
0.0787 
0.00001 
and 0.0133 
 
(g) Saatcioglu and Razvi (1992) 
 
Following Mander’s study, Saatcioglu and Razvi (1992) proposed a general 
stress-strain model for confined concrete that is applicable for the majority of concrete 
member shapes and different reinforcement arrangements. This model was developed 
based on equivalent uniform confinement pressure provided by confinement 
reinforcement, rather than a specific set of test data. The confinement pressure was 
calculated based on equilibriums between force in the confinement reinforcement and 
force generated by dilatational pressure due to concrete dilation. This model also 
allowed for combination effects of different types and arrangements of confinement 
reinforcement through superposition of each individual confining effect, including 
spirals, rectangular hoops, cross-ties, and welded wire fabric. The researchers indicated 
that the descending branch was a function of the strain that corresponded to 85% of the 
peak stress. 
 
(h) Hoshikuma et al. (1997) 
 
Hoshikuma et al. indicated that the confined concrete models proposed by 
previous researchers were generally dependent on test data obtained from column 
units with a higher volumetric ratio of hoop reinforcement than those used in Japan 
(0.3-0.5%).  Therefore, these previous models may not represent the confinement 
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effects adequately for a lower level of hoop reinforcement volumetric ratio. An 
experimental program was therefore carried out to develop a stress-strain relationship 
of confined concrete that is applicable for a wider range of volumetric ratio of hoop 
reinforcement, without considering the effect of configuration of the transverse 
reinforcement. A confined concrete model was developed based on the experimental 
test data using statistical analysis. This model suggested a higher residual stress (50% 
peak stress) compared to other models (20% or 30% peak stress).  
 
(i) Bousalem and Chikh (2006) 
A stress-strain model for confined concrete of square sections was developed by 
Bousalem and Chikh, based on several experimental studies in past years. Similar to 
most of the established models, this model also consisted of three parts. The peak stress 
enhancement, the strain corresponding to the peak stress, and the softening rate were 
considered as the three most important parameters that controlled the model. All of 
these parameters were dependent on the same variables, i.e., the volumetric ratio of 
transverse reinforcement, the yield strength of hoop reinforcement, the unconfined 
concrete strength, and the effectiveness confinement coefficient. The confinement 
effectiveness coefficient proposed by Mander et al. (1988) (i.e., &^) was used in this 
study to evaluate the peak stress enhancement ( E ) and the ultimate strain 
enhancement (Em). Based on a regression analysis, these two factors were defined as 
 
E = 1 + 0.4 Y
B.1(01n(	3     (Equation 2-18) 
 
Em = 1 + 2.7 Y
B.1(01n(	3     (Equation 2-19) 
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(j) Shelman and Sritharan (2014) 
Shelman and Sritharan conducted a detailed examination of the current 
approaches to calculate the amount of confinement reinforcement in the plastic hinge 
of concrete bridge columns, when subjected to seismic situations. It was found that 
significant different amounts of confinement reinforcement were proposed by different 
approaches. The ultimate strain capacity is not well established due to the effects of 
multiple factors. 
 
Most of the confined concrete models, which were proposed after Mander et al. (1988), 
extended the confinement reinforcement to other types, such as FRP sheets, with the 
development of new material type. A summary of test column details used in developing 
confined concrete models presented thus far is shown in Table 2-4. 
 
A summary of mathematical expressions for each of the confined concrete models are 
shown in Table 2-5, and Table 2-6 presents a summary of expressions used to calculate the 
concrete peak stress and the strain at peak stress for each confined concrete model. Although 
the confinement effect for concrete is generally well-understood, significant divergent confined 
concrete models have been proposed. From the literature review above, it was concluded that 
the most important four parameters that had significant effects on the confined concrete 
behavior were: unconfined concrete strength, yield strength of confinement, volumetric ratio 
of confinement to concrete core, and confinement configuration.  The effect of each individual 
parameter on the confined concrete behavior is summarized in Table 2-7. 
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Table 2-4: Test specimen details used in developing confined concrete models 
Reference 
Section 
shape 
Section 
dimension, 
in. 
Parameters 
%lρ  ′, psi %shρ  yhf , ksi 
Vallenas et al., 
1977 
Square 
10×10 
9×9 
3.53-4.34 3540-4800 1.535 64 
Sheikh and 
Uzumeri, 1980 
Square 12×12 2.2-4.8 3916-5076 0.76-2.4 38-116 
Scott et al., 
1982 
Square 17.7×17.7 1.79-1.86 3510-3670 1.34-3.09 43-44.8 
Mander et al., 
1988 
Circular 20 dia. 1.59-4.8 3916-4786 0.6-2.5 45-49 
Rectangular 5.9×27.6 1.9-5.6 4060-5947 1.62-7.87 45-52 
Hoshikuma et 
al., 1997 
Circular 
8 dia. 0 2680 0.39-4.66 34 
20 dia. 1.01 4177 0.19-1.16 43 
Square 
8×8 0 3365 0.39-4.66 34 
20×20 0.95 3525 1.73-4.1 43 
Rectangular 
13.8×27.6 0.97 3525 1.72 43 
11.8×35.4 1.03 3525 1.74 43 
10×40 0.95 3525 1.77-2.45 43 
Note: %lρ  is the longitudinal reinforcement ratio, ′ is the unconfined concrete compressive 
strength at time of testing, %shρ  is the transverse reinforcement volumetric ratio based on 
core area and yhf is the yield strength of transverse reinforcement. 
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Table 2-5: Summary of various confined concrete models proposed in the literature 
Researchers 
Stress-Strain Model for Confined Concrete Applicable 
Cross-
Sectional 
Shape 
Ascending Branch Descending Branch Softening rate 
Residual 
Stress 
Kent and 
Park, 
1971 
])
002.0
()
002.0
(2[ 20
KK
Kff cccc
εε
−×=
K = 1.0 
)]002.0(1[0 KZKff ccc −−= ε
 K = 1.0 0
tan
cf
Z
θ
=  
ccf2.0  
Square 
 
Vallenas et 
al., 1977 
)(]2[1
)()(
03
2
0
0
cc
c
c
ccc
cc
c
cc
c
c
ccc
cc
fk
E
k
f
E
ff
ε
εε
ε
ε
ε
εε
×−+
×−
=  )](1[0 ccccc ZKff εε −−=  002.0
1000
002.03"
4
3
5.0
0
0
−
−
+
+
=
c
c
s
f
f
s
h
Z
ρ
 
ccf3.0  
Square 
 
Sheikh and 
Uzumeri, 
1980 
])()(2[ 20
cc
c
cc
c
cc Kff ε
ε
ε
ε
−×=  )](1[ cccccc Zff εε −−=  
s
B
Z
sρ
4
3
5.0
=
 
ccf3.0  
Square 
 
Park et al., 
1982 
])()(2[ 20
cc
c
cc
c
cc Kff ε
ε
ε
ε
−×=  
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cccmccc
f
Zff
02.0
)](1[
≥
−−= εε
 
cc
c
s
c
c
m
s
b
f
f
Z
ερ −+
−
+
=
4
3
)
1000145
29.03
(
5.0
0
0
 
ccf2.0  
Square 
 
Mander et 
al., 1988 r
cc
c
xr
xrf
f
+−
=
1
 
r
cc
c
xr
xrf
f
+−
=
1
 - - 
Circle 
Square 
Wall-type 
Saatcioglu 
and Razvi, 
1992 
)21/(12 ])()(2[' K
cc
c
cc
c
ccc ff
+
−×=
ε
ε
ε
ε
 )(
15.0
85
cc
cc
cc
ccc
f
ff εε
εε
−
−
−=  
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ccfZ
εε −
=
85
15.0
 
ccf2.0  
Circle 
Square 
Wall-type 
Hoshikuma 
et al., 1997 
])(
1
1[ 1−−= n
cc
cc
n
Ef
ε
ε
ε  )( ccdesccc Eff εε −−=  
 yhsh
c
des
f
f
E
ρ
0
22.11
=  
ccf5.0  
Circle 
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Wall-type 
Bousalem 
and Chikh, 
2006 
n
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c
xn
xnf
f
+−
=
1
 )( cccsoftccc Eff εε −−=  
yhse
c
soft
fk
f
E
ρ
0
24
=  
ccf3.0  Square 
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Table 2-6: Summary of expressions to calculate the peak stress and the corresponding strain based on different confined 
concrete models 
Researchers 
Stress-Strain Model for Confined Concrete 
ccf  ccε  
Kent and Park, 1971 0cf  0.002 
Vallenas et al., 1977 
0
0
)
"
(
)
"
245.01(0091.01(
c
yhss
ccc
f
f
d
d
h
s
ff
ρρ +
−×+×=  
0
"
)
734.0
1(005.00024.0
c
yhs
cc
f
f
h
s ρ
ε −×+=  
Sheikh and Uzumeri, 1980 
yhs
ccocc
c
ccc
f
b
s
b
nC
P
b
ff
ρ×
−−+×= ])
2
1)(
5.5
1[(
140
1( 2
2
22
0
 )])(0.51[
248
1(
0
2
0
c
yhs
ccc
f
f
B
s
C
ρ
εε ×−+×=  
Park et al., 1982 yhsccc fff ρ+= 0  )/1( 00 cyhsccc ffρεε +×=  
Mander et al., 1988 )2
94.7
1254.2254.1('
00
0
c
le
c
le
ccc
f
f
f
f
ff −++−=  )]1
'
(51[
0
0 −×+=
c
cc
ccc
f
f
εε  
Saatcioglu and Razvi, 1992 
leccc fkff 10 +=  
17.0
1 )(7.6
−
= lefk  
lle fkf 2=  
)51(0 Kccc += εε  
0
1
'c
le
f
fk
K =  
Hoshikuma et al., 1997 yhsccc fff αρ8.30 +=  0/033.0002.0 cyhscc ffβρε +=  
Bousalem and Chikh, 2006 00 4.0 cyhsheccc ffkff ρ+=  )]7.21[
0
0
c
yhshe
ccc
f
fk ρ
εε +×=  
Note: p, q are modification factors depending on cross sectional shape for the Hoshikuma et al. model; d is the nominal diameter 
of longitudinal reinforcing bar and r" is the nominal diameter of lateral steel tie. 
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Table 2-7: Influence of different parameters on confined concrete behavior 
Parameters 
Effect on confined concrete 
behavior 
Concrete compressive strength Peak stress 
Volumetric ratio of transverse steel 
to concrete core 
(Transverse reinforcement spacing) 
(Transverse reinforcement diameter) 
Significant effect 
Peak stress 
Strain at peak stress 
Slope of descending branch 
Longitudinal reinforcement buckling 
Yield strength of transverse steel 
Ductility 
Peak stress 
Configuration of transverse steel 
(Spiral/Circular hoop) 
(Tie configuration and the resulting 
longitudinal reinforcement 
distribution) 
 
Significant effect on ductility 
improvement 
Little effect on strength 
enhancement 
(ductility) 
Amount of longitudinal 
reinforcement 
Negligible effect 
Section shape 
Significant variable affecting the 
confinement effectiveness or the 
uniformity of confining pressure 
applied to the concrete core 
 
To better compare the confined concrete models for circular and square sections, a 4 
ft diameter/width circular/square column with a longitudinal reinforcement ratio of 2% and 
an axial load ratio of 5%, which are typically used in high seismic regions, was selected. The 
concrete compressive strength was assumed to be 4500 psi. Both transverse and 
longitudinal reinforcement have yield strengths of 60 ksi. The concrete cover to the main 
longitudinal reinforcing bars was selected to be 3 in. and the circular/square column was 
reinforced with 46 or 58 #8 reinforcing bars (1 in. diameter and 0.79 in2 cross sectional area), 
corresponding to 2% longitudinal reinforcement ratio. The transverse reinforcement for 
both columns used #5 reinforcing bar (0.625 in. diameter and 0.31 in.2 cross sectional area) 
with 1.5 in. spacing, corresponding to 2% transverse reinforcement ratio. The confined 
concrete models comparisons for both circular and square sections are shown in Figure 2-1. 
Compared to circular sections, more research has been devoted to studying the confined 
concrete behavior in square sections. This is because there are more variations for the 
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confinement configurations and the resulting distribution of longitudinal reinforcement in 
square sections. 
 
(a) Circular cross section 
 
(b) Square cross section 
Figure 2-1: Confined concrete behavior comparisons 
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2.2 Confined Concrete Behavior in Hollow Bridge Columns 
As mentioned previously, most confined concrete models, presented in Section 2.1, 
were primarily developed based on experimental testing of small-scale solid concrete 
columns subjected to concentric axial compression load. There have been limited studies to 
examine the applicability of these confined concrete models for hollow columns. 
Mo et al. (2003) tested twenty-eight concrete panels subjected to axial compression 
load to determine the complete stress-strain behavior of confined concrete in hollow bridge 
columns.  In the compression tests, three types of concrete failures were observed, which 
included concrete splitting (plain concrete), concrete crushing (most specimens), and 
longitudinal reinforcing bar buckling (specimens having high strength concrete and greater 
lateral confinement spacing).  By examining the experimental stress-strain curves, the 
following findings were reported: 
 
1. The confined specimens with normal strength concrete presented greater ductility 
compared to those with high strength concrete. 
2. For normal strength concrete with given confinement configuration, smaller lateral 
reinforcement spacing led to greater strength and ductility.  However, no obvious 
difference was observed for specimens with high strength concrete in terms of 
ductility. 
3. The lateral reinforcement spacing required by the ACI code (2002) was not sufficient 
to prevent longitudinal reinforcement buckling.  However, the equation suggested 
by Priestley et al. (1996) was fairly satisfactory. 
 
The test results were then compared to the analytical confined concrete models 
available in the literature and it was found that the axial stress-strain relationship for 
confined concrete in square hollow sections could be predicted by the confined concrete 
model proposed by Muguruma et al. (1978) with a modification.  The modified Muguruma 
et al. model is shown in Figure 2-2 and the mathematical equations are proposed as follows: 
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Region AB:   = s9 + (<	;t	u	u	 × 9=, vℎjbj s = 4730n′  56 8/yy= 
 
Region BC:  Uz = U)z;Uzz({z;{zz)| ({z − {zz)| + U′zz    (Equation 2-20) 
 
Region CD:   = (	};(		(u	};u		) (9 − 9)= + ′ 
 
 
Figure 2-2: Stress-strain relationship of modified Muguruma et al. (2003) model 
 
To validate the proposed confined concrete model developed for square hollow 
sections, the experimental results and the analytical results predicted using the modified 
Muguruma et al. model for load-displacement curves of one specimen were compared and 
are shown in Figure 2-3. It was found that the analytical results using the modified 
Muguruma et al. model present a higher initial stiffness and a lower lateral load capacity 
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compared to the experimental results. Therefore, this proposed modified model needs a 
further in depth investigation.  
 
 
Figure 2-3: Comparison of experimental results with modified Muguruma et al. model for 
load-displacement curves of Specimen HB4 by Mo et al. (2003) (1mm = 0.0394 in., 1kN = 
0.225 kips) 
 
2.3 Experimental Study on Hollow Column Behavior 
Although limited research exists for hollow columns, most previous research focused 
on studying the flexural ductility and shear strength of hollow reinforced concrete columns 
and developing design approaches.  Previous researchers suggested that the following 
design parameters would control the structural response of hollow concrete columns: 
 
• Wall thickness-to-section diameter/width ratio 
• Confinement configurations: one layer or two layers with cross tie 
• Axial load ratio 
• Longitudinal reinforcement ratio 
• Transverse reinforcement amount and spacing 
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The test specimens conducted in the previous research typically consisted of two 
different confinement configurations: one layer of confinement reinforcement placed near 
the outside concrete wall surface and two layers of confinement reinforcement placed near 
both the inside and outside concrete wall surfaces, connected with cross-ties.  For the test 
specimens that had two layers of confinement reinforcement, the inner layer of 
reinforcement, which had the same diameter with the same spacing as the outer 
reinforcement, was usually tied to the outer layer of reinforcement.  This is because 
previous studies showed that the inner layer of reinforcement confined only the inner 
concrete cover of the section if it was not tied to the outer layer of reinforcement, leaving 
the region around the inner layer of reinforcement negatively confined. This indicated that 
the inner layer of reinforcement was not effective in confining the concrete, unless it was 
tied to the outer layer of reinforcement for circular hollow sections (Papanikolaou & Kappos, 
2009). 
2.3.1 Single layer of confinement reinforcement 
Several studies demonstrated that a limited ductile behavior could be achieved in 
hollow concrete columns with only one layer of transverse reinforcement as long as the 
columns have a low axial load ratio, small longitudinal steel ratio, and a relatively thicker 
wall.  The transverse reinforcement was usually placed near the outside concrete wall 
surface, that is, in the typical location of transverse reinforcement for solid sections.  
Zahn et al. (1990) 
Zahn et al. tested six circular hollow reinforced concrete columns without 
confinement reinforcement on the inside concrete wall face.  Wall thickness-to-section 
diameter ratio, axial load ratio, and longitudinal reinforcement ratio were three primary 
variables studied in this research.  A less ductile behavior was observed for hollow sections, 
due to the concrete that crushed on the inside face of the concrete wall. The longitudinal 
reinforcement ratio was 2.56% for all the column units based on the gross section, which 
ranged from 3.67% to 5.4% based on the net section. Three different wall thickness-to-
section diameter ratios were selected for the six test specimens, with each two column units 
having the same t/D ratio.  The two column units that had the same t/D ratio were 
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subjected to different axial load ratios.  The test parameters and corresponding results are 
summarized in Table 2-8 for the three selected column units (column units 2, 3, and 5).  The 
results of these three column units were representative of the performance for all the 
column units that were tested in this study.  Figure 2-5 to Figure 2-7 present the hysteretic 
loops of column units 2, 3, and 5. It was found that the ductility of hollow concrete columns 
with one layer of transverse reinforcement placed near the outside concrete face was 
primarily determined by the location of the neutral axis. If the neutral axis was located 
inside the concrete wall, a limited ductile behavior could have been expected. Otherwise, if 
the neutral axis was located away from the concrete wall toward the centroid of the section, 
a very brittle failure would have been exhibited. Zahn et al. suggested that the concrete that 
crushed on the inside face was at 0.008 longitudinal compressive strains, which could be 
used to define the ultimate limit state.   In addition, a limited ductile behavior could be 
expected by using low axial load ratio, moderate longitudinal reinforcement ratio, and a wall 
thickness-to-section diameter ratio equal to or greater than 0.15. The key to experiencing 
ductile behavior for hollow columns as described by Zahn et al. (1990) was that the neutral 
axis of the section should move into the column wall. 
 
 
Figure 2-4: Dimensions of test units by Zahn et al. (1990), (1mm = 0.0394 in.) 
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Table 2-8: Test parameters and failure mode of column tested by Zahn et al. (1990) 
Unit 
Ductility 
level 
t/D 
Longitudinal reinforcement 
ratio, gross (net) 
Axial load ratio, 
gross (net) 
Failure 
2 2.0 0.235 
2.56% 
(3.67%) 
28% 
(40%) 
Brittle failure 
3 5.8 0.185 
2.56% 
(4.2%) 
6% 
(10%) 
Ductile failure 
5 3.2 0.135 
2.56% 
(5.4%) 
5.6% 
(12%) 
Limit ductile 
failure 
 
 
 
Figure 2-5: Lateral force vs. displacement response and neutral axis position of column 
unit 2 with t/D = 0.235 (Zahn et al. 1990) 
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Figure 2-6: Lateral force vs. displacement response and neutral axis position of column 
unit 3 with t/D = 0.185 (Zahn et al. 1990) 
 
 
Figure 2-7: Lateral force vs. displacement response and neutral axis position of column 
unit 5 with t/D = 0.135 (Zahn et al. 1990) 
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Kawashima et al. (1992) 
In 1992, Kawashima et al. tested two pairs of circular hollow reinforced concrete 
columns with two different longitudinal reinforcement ratios (1.35% and 2.19% based on 
the net section, which corresponded to 0.8% and 1.3% based on the gross section).  They 
found that the crushing of concrete at the inside concrete face dominated the behavior, 
which was much more obvious for higher longitudinal reinforcement ratios.  They confirmed 
that a limited ductile behavior could be expected from specimens with a low longitudinal 
reinforcement ratio for hollow columns.  They also found that the confinement effect, in 
terms of both increased strength and ductility, was weakened due to concrete crushing at 
the inside face for the hollow columns.   
Hoshikuma and Priestley (2000) 
Due to a lack of knowledge about the ductility capacity and shear strength of hollow 
bridge columns designed in California, two thin-walled circular hollow columns with one 
layer of confinement reinforcement placed near the outside face of the concrete wall were 
tested by Hoshikuma and Priestley (2000).  In this study, the researchers primarily focused 
on the flexural performance.  The shear strength of hollow circular columns was studied by 
Ranzo and Priestley and will be discussed in the next section. The wall thickness-to-section 
diameter ratio of the specimens in this study was much smaller (0.092) than those tested by 
previous researchers, i.e., Zahn et al. (0.14-0.24) and Kawashima et al. (0.18).   The 
structural responses of these two specimens were dominated by flexural failure and the 
primary test variable was the longitudinal reinforcement ratio.  The test parameters and 
corresponding results are summarized in Table 2-9.  Similar to the test results presented by 
Zahn et al. (1990) and Kawashima et al. (1992), the failure of both specimens in this study 
was also controlled by the concrete crushing at the inside face of concrete wall. It was 
reported that the concrete crushed on the inside face at a longitudinal compressive strain of 
0.005. From Figure 2-9 and Figure 2-10, the specimen with the lower amount of longitudinal 
reinforcement (i.e., Specimen HF1) reached a higher ductility of 3.3.  When this observation 
is complemented with the previous findings drawn by Zahn et al. (1990) and Kawashima et 
al. (1992), it follows that a larger longitudinal reinforcement ratio would reduce the ductility 
of the hollow columns (also true for solid columns).  Also, the transverse reinforcement did 
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not reach yield strain when the column failure was observed, which indicated that the one 
layer of confinement reinforcement placed near the outside concrete wall could not confine 
the concrete core as well as solid sections.  Therefore, the confinement effectiveness for 
hollow sections with one layer of confinement reinforcement was less compared to solid 
sections, reducing the ductility of hollow bridge columns.  
 
 
Figure 2-8: Cross sectional dimensions (in mm) of columns tested by Hoshikuma and 
Priestley (2000), (1 mm = 0.0394 in.) 
 
Table 2-9: Test parameters and failure mode of column tested by Hoshikuma and Priestley 
(2000) 
Unit 
Ductility 
level 
Wall thickness-to-
section diameter 
ratio 
Longitudinal 
reinforcement 
ratio, gross (net) 
Axial load 
ratio, gross 
(net) 
Failure 
HF1 3.3 0.092 
0.48% 
(1.45%) 
4.3% 
(13%) 
Brittle 
failure 
HF2 1.8 0.092 
1.06% 
(3.18%) 
4.3% 
(13%) 
Brittle 
failure 
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Figure 2-9: Lateral force vs. displacement response of specimen HF1 tested by Hoshikuma 
and Priestley (2000), (1 mm = 0.0394 in., 1 KN = 0.225 kips) 
 
 
Figure 2-10: Lateral force vs. displacement response of specimen HF2 tested by Hoshikuma 
and Priestley (2000), (1 mm = 0.0394 in., 1 KN = 0.225 kips) 
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Ranzo and Priestley (2001) 
The purpose of the study conducted by Ranzo and Priestley was to investigate the 
shear strength of thin-walled circular hollow columns with one layer of lateral 
reinforcement placed near the outside face of concrete wall.  This is a follow-up study of the 
research conducted by Hoshikuma and Priestley (2000). Although this topic is outside the 
scope of research presented in this report, it is included here due to some column responses 
being dominated by flexure performance. Three specimens were tested under a constant 
axial load and a cyclically varying lateral load.  Two types of failure were observed: flexural 
failure and shear failure. The shear strength of circular hollow columns was predicted using 
three different models: UCSD model, ATC 32 model, and Caltrans Memo 20-4 model.  The 
test variables were the longitudinal reinforcement ratio and the axial load ratio.  The test 
specimen is shown in Figure 2-11, while the test parameters and corresponding results for 
the three test specimens are summarized in Table 2-10. 
Limited ductile behavior could have been expected from specimens with a low level 
of axial load and a low longitudinal reinforcement ratio if sufficient transverse 
reinforcement was provided.  The measured lateral force vs. displacement response as well 
as the analytical prediction for the first specimen (i.e., Specimen HS1) is shown in Figure 
2-12. The predicated failure was longitudinal reinforcement rupture at a tension steel strain 
of 0.06.  However, the actual failure experienced by this test specimen was due to the 
concrete crushing at the inside concrete wall in compression at about 300 mm (11.8 in.) 
from the base, which occurred during the third cycle in the push direction.  This indicated 
that the analytical model was not able to capture the failure experienced by the test 
specimen, although the overall behavior was predicted fair accurately.  
By comparing the experimental results to the analytical models, it was found that 
the UCSD model had the ability to be fairly accurate when predicting the shear strength of 
hollow columns.  The shear strength improvement due to axial load seemed to be less 
significant compared to solid sections.  Therefore, the shear strength due to axial load could 
be ignored for the design purpose of hollow columns.  In addition, a minimum ratio of 0.1 
between wall thickness and section diameter was suggested. 
 
42 
 
 
 
Figure 2-11: Cross sectional dimensions (in mm) of column tested by Ranzo and Priestley 
(2001), (1 mm = 0.0394 in.) 
 
Table 2-10: Test parameters and failure mode of columns tested by Ranzo and Priestley 
(2001) 
Ductility 
level 
Wall thickness-
to-section 
diameter ratio 
Longitudinal 
reinforcement ratio, 
gross (net) 
Axial load ratio, 
gross (net) 
Failure 
6.0 0.097 
0.49% 
(1.4%) 
1.75% 
(5%) 
Flexural failure 
3.0 0.091 
0.8% 
(2.3%) 
1.75% 
(5%) 
Brittle flexural/ 
Shear failure 
2.0 0.091 
0.8% 
(2.3%) 
5.25% 
(15%) 
Shear failure 
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Figure 2-12: Lateral force vs. displacement response of specimen HS1 tested by Ranzo and 
Priestley (2001), (1 mm = 0.039 in., 1 KN = 0.225 kips) 
 
2.3.2 Two layers of confinement reinforcement connected with cross-ties 
The most commonly used sections for hollow concrete columns are confined with 
two layers of transverse reinforcement. One layer of transverse reinforcement was provided 
near the outside concrete wall surface (in the typical transverse reinforcement location of 
solid columns), and the other layer of transverse reinforcement, which had the same 
diameter with the same spacing as the outer reinforcement, was provided near the inside 
face to confine the inside concrete wall and prevent brittle failure that resulted from the 
inside concrete wall crushing. The inner layer of transverse reinforcement was usually tied 
to the outer layer of transverse reinforcement to effectively confine the concrete core. 
There have been several studies related to the flexural behavior of hollow concrete columns 
that were confined with two layers of transverse reinforcement. 
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Yeh et al. (2002) 
In order to study the seismic behavior of rectangular hollow bridge piers in Taiwan, 
three prototype rectangular bridge columns were tested under a constant axial load and a 
cyclically reversed horizontal load.  The effect of lateral reinforcement amount was analyzed 
in this study. Two types of failure were observed: flexural failure and shear failure.  The 
flexural failure was characterized by the rupture of longitudinal steel at the bottom of the 
piers, while the shear failure was characterized by lateral reinforcement failure.  Since the 
focus of the research presented in this report is flexure behavior, the specimen which failed 
by shear was not included here. The test specimens which failed by flexure are shown in 
Figure 2-13 with two different amounts of lateral reinforcement, and the corresponding test 
results are tabulated in Table 2-11. 
The lateral force vs. displacement responses for specimen PS1 and PI1 are shown in 
Figure 2-14 and Figure 2-15, respectively. The specimen with a larger amount of lateral 
reinforcement (HS1) reached a higher ductility (10.3). It was concluded that the greater the 
amount of lateral reinforcement provided, the greater the ductility achieved.  The effect of 
confinement provided by the lateral reinforcement was clearly represented through the test 
results regarding increased ductility. In addition, compared to the ACI code (1995), the 
equation proposed by Priestley et al. (1996) was more accurate when designing the required 
lateral reinforcement.  
Table 2-11: Test parameters and failure mode of column tested by Yeh et al. (2002) 
Unit 
Ductility 
level 
Wall 
thickness-to-
section 
diameter ratio 
Longitudinal 
reinforcement 
ratio, gross 
(net) 
Axial load 
ratio, gross 
(net) 
Shear 
reinforcement 
Failure 
PS1 10.3 0.2 1.1% (1.7%) 5.2% (8.2%) 
>100% 
ACI code* 
Flexural 
failure 
PI1 8.7 0.2 1.1% (1.7%) 5.2% (8.2%) 50% ACI code* 
Flexural 
failure 
*ACI code: ACI seismic provisions (ACI Committee 318: 1995, Building code requirement for reinforced 
concrete, ACI, Detroit) 
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Figure 2-13: Cross sectional dimensions (in mm) of columns tested by Yeh et al. (2002), (1 
mm = 0.0394 in.) 
 
 
Figure 2-14: Lateral force vs. displacement response of specimen PS1 tested by Yeh et al. 
(2002), (1 mm = 0.039 in., 1 KN = 0.225 kips) 
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Figure 2-15: Lateral force vs. displacement response of specimen PI1 tested by Yeh et al. 
(2002), (1 mm = 0.039 in., 1 KN = 0.225 kips) 
 
Mo et al. (2003) 
The seismic performance of eight scaled hollow columns under cyclically reversed 
horizontal load was investigated in an experimental program by Mo et al. (2003).  The 
effects of concrete compressive strength (normal and high), confinement configurations 
(type A and type B shown in Figure 2-16), and lateral reinforcement spacing (40 mm and 80 
mm) were investigated both experimentally and analytically in this study.  Two types of 
failure modes were observed during the tests, which were shear failure caused by 
longitudinal reinforcement buckling and tension longitudinal reinforcement rupture at the 
base of the columns.  In this study, ductility was defined as the ratio of displacement 
corresponding to 80% maximum horizontal force in the descending portion to the 
displacement corresponding to first yield of longitudinal reinforcement.  By examining the 
moment curvature diagrams developed from the measured horizontal force as well as the 
readings of LVDTs located at both the right and left concrete surfaces in the plastic hinge 
regions, the following observations were reported. 
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1. For normal strength concrete with a given confinement configuration, the specimens 
with greater lateral reinforcement spacing presented a larger strength deterioration 
rate after  the peak moment, which was not the case for high-strength concrete 
specimens as shown in Figure 2-17. 
2. The ductility for the hollow section was smaller compared to the solid section, which 
was suspected by the researchers to be due to the following aspects: the confined 
area for the hollow section was smaller than for the solid section, and the concrete 
behavior was likely degraded due to the void in the middle of the hollow section. 
3. As the axial ratio increased from 11% to 19%, the failure modes changed from 
reinforcing bar rupture to reinforcing bar buckling. 
4. The moment-curvature analyses based on the modified Muguruma et al. (1980) 
confined concrete model could adequately predict the lateral force vs. displacement 
response of hollow reinforced concrete columns with two layers of confinement 
(Figure 2-18). 
 
Table 2-12: Test parameters and failure modes of columns tested by Mo et al. (2003), 
(1mm = 0.0394 in.) 
Ductility 
level 
Wall thickness-
to-section 
diameter ratio 
Longitudinal 
reinforcement 
ratio, gross (net) 
Axial load 
ratio, 
gross (net) 
Lateral 
reinforcement 
spacing 
Failure 
6.3 0.2 0.7% (1.1%) 5.8% (9%) 40 mm Flexural failure 
6.6 0.2 0.7% (1.1%) 7% (11%) 80 mm Flexural failure 
6.3 0.2 0.7% (1.1%) 7% (11%) 80 mm Flexural failure 
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Figure 2-16: Lateral reinforcement configurations used for test specimens (in mm) by Mo 
et al. (2003), (1mm = 0.0374 in.) 
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(a) Normal strength concrete 
 
(b) High strength concrete 
Figure 2-17: Effect of spacing of confinement reinforcement on the moment-curvature 
curves for normal strength concrete and high strength concrete by Mo et al. (2003) 
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Figure 2-18: Comparison of experimental results with moment-curvature curves based on 
the modified Muguruma et al. model of Specimen HB4 by Mo et al. (2003) 
 
Table 2-13 summarizes the previous studies on hollow reinforced concrete columns 
discussed thus far, and Table 2-14 compares the test unit details used in these past 
experiments.  Corresponding design recommendations are tabulated in Table 2-15.  It is 
seen that the wall thickness-to-section diameter/length ratio used for one layer of 
confinement reinforcement is generally smaller than that used for two layers of 
confinement connected with cross-ties, especially for the specimens tested by Hoshikuma 
and Priestley (2000), as well as Ranzo and Priestley (2001). The axial load ratio, longitudinal 
reinforcement ratio, and the transverse reinforcement also varied significantly among the 
test specimens. 
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Table 2-13: Summary of previous experimental studies on hollow reinforced concrete 
columns 
Researchers 
Section 
type 
Wall thickness-
to-section 
diameter/width 
ratio 
Axial 
load 
ratio, 
gross 
Aspect 
ratio 
Longitudinal 
reinforcement 
ratio, gross 
Transverse 
reinforcement 
amount 
(Volumetric 
ratio, gross) 
Confinement 
configurations 
Zahn et al. 
(1990) 
Circular 0.14-0.24 
0.05-
0.28 
4.5 2.56% 
10-12 mm dia. 
@ 75-90 mm 
(1.13%-1.36%) 
One layer 
 
Kawashima 
et al. 
(1992) 
Circular 0.18 0 3.1 0.8% and 1.3% 
9 mm dia. 
@ 200 mm 
(0.18%) 
One layer 
 
Hoshikuma 
and Priestley 
(2000) 
Circular 0.092 0.04 4.3 
0.48% and 
1.06% 
6.35 mm dia. 
@ 35 mm 
(0.22%) 
One layer 
 
Ranzo and 
Priestley 
(2001) 
Circular 
0.097 
0.091 
0.02 
0.05 
2.5 
0.49% 
0.8% 
6.35 mm dia. 
@ 70 mm 
(0.12%) 
One layer 
 
Yeh et al. 
(2002) 
Square 0.2 0.05 
4.3 
3.0 
1.1% 
13 mm dia. 
@ 80 mm 
10 mm dia. 
@ 120 mm 
 (0.56%-1.52%) 
Two layers 
with cross-ties 
 
Mo et al. 
(2003) 
Square 0.2 
0.12 
0.06 
0.07 
4.0 0.7% 
4 mm dia. 
@ 40 mm 
4 mm dia. 
@ 80 mm 
(0.45%-0.9%) 
Two layers 
with cross-ties 
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Table 2-14: Summary of experimentally observed failure modes of tests listed in Table 2-
13 
Researchers 
Section 
type 
Ductility 
level 
Wall thickness-
to-section 
diameter ratio 
Longitudinal 
reinforcement 
ratio, gross 
Axial load 
ratio, gross 
Failure type 
Confinement 
configurations 
Zahn et al. 
(1990) 
Circular 
2.0 0.235 2.56% 28% Brittle failure 
One layer 3.2 0.135 2.56% 6% 
Limit ductile 
failure 
5.8 0.185 2.56% 5.6% Ductile failure 
Brittle failure was caused by high axial load ratio 
Hoshikuma 
and Priestley 
(2000) 
Circular 
3.3 0.092 0.48% 4.3% Brittle failure 
One layer 
1.8 0.092 1.06% 4.3% Brittle failure 
 
Ranzo and 
Priestley 
(2001) 
Circular 
6.0 0.097 0.49% 1.75% Flexural failure 
One layer 3.0 0.091 0.8% 1.75% 
Brittle flexural/ 
shear failure 
2.0 0.091 0.8% 5.25% Shear failure 
Shear failure was caused by high axial load ratio and/or high longitudinal reinforcement ratio 
Yeh et al. 
(2002) 
Square 
10.3 0.2 1.1% 5.2% Flexural failure Two layers 
with cross-ties 8.7 0.2 1.1% 5.2% Flexural failure 
 
Mo et al. 
(2003) 
Square 
3.7 0.2 0.7% 12% Shear failure 
Two layers 
with cross-ties 
6.3 0.2 0.7% 5.8% Flexural failure 
6.6 0.2 0.7% 7% Flexural failure 
6.3 0.2 0.7% 7% Flexural failure 
Shear failure was caused by high axial load ratio 
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Table 2-15: Design recommendations proposed by previous researchers on hollow 
reinforced columns based on their investigations 
Variables 
Zahn et al. 
(1990) 
Hoshikuma and 
Priestley (2000) 
Ranzo and 
Priestley (2001) 
Yeh et al. 
(2002) 
Mo et al. 
(2003) 
Wall thickness-
to-section 
diameter/width 
ratio 
≥15% with one 
layer of 
reinforcement 
 
 
≥10% with one 
layer of 
reinforcement 
 
 
 
 
Transverse 
reinforcement 
spacing and 
size 
Relatively minor 
effect 
 
 
 
 
ACI code 
(1995) 
 
Equation 
proposed by 
Priestley et 
al. (1996) 
Axial load ratio 
Low 
(5.6%, gross 
section) 
 
 
Low 
(1.75%, gross 
section) 
 
 
Low 
(<7%, gross 
section) 
Longitudinal 
reinforcement 
ratio 
Small 
(2.56%, gross 
section) 
Small 
(0.48%, gross 
section) 
Small 
(0.5%, gross 
section) 
 
 
 
 
Ductility 
Longitudinal 
concrete 
compressive 
strain at 0.008 
Longitudinal 
concrete 
compressive 
strain at 0.0035 
 
 
 
 
 
 
 
2.3.3 Summary 
Based on the experimental research conducted by previous researchers, the hollow 
reinforced concrete columns with one layer of confinement reinforcement placed near the 
outside face of the section would fail as soon as the inside face of the concrete wall 
experienced crushing.  Such columns can experience sudden failure (brittle failure) if not 
designed properly.  The inside face of hollow concrete sections would control the failure of 
such columns although sufficient transverse reinforcement was placed near the outside face 
of the concrete wall.  A limited ductile behavior could be expected from specimens with a 
relatively low axial load ratio, a low amount of longitudinal reinforcement ratio and a 
relatively thicker wall. The confinement effect induced in such columns was significantly less 
than that in the solid section because of the reduced effectively confined concrete area. 
The previous research indicated that hollow reinforced concrete columns with two 
layers of confinement reinforcement placed near both the inside and outside faces, as well 
as cross-ties through the wall thickness, can produce adequate ductile behavior.  The failure 
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of such columns was primarily dominated by the longitudinal reinforcement rupture. Table 
2-16 summarizes the comparisons between these two commonly-studied confinement 
configurations. 
Table 2-16: Comparisons of two types of confinement configurations 
Confinement 
configurations 
Advantages Disadvantages 
One layer 
• Convenient 
• Simple construction  
• Inside concrete face is unconfined and 
brittle failure may occur;  
• Confinement effect is reduced. 
Two layers 
with cross-ties 
Ductile behavior 
• Significant construction effort and cost;  
• Interaction between the two reinforcement 
layers is not well understood 
 
2.4 Analytical Study on Hollow Column Behavior 
In addition to experimental testing conducted on hollow reinforced concrete 
columns as discussed in the Section 2.3, several analytical studies were performed to better 
understand the confinement effect in hollow columns.  
Lignola et al. (2008) 
Lignola et al. (2008) performed a study which provided a unified theory for the 
confinement of circular solid and hollow column sections. The study resulted in an adjusted 
confining pressure which was intended for the use of columns confined with fiber reinforced 
polymer (FRP). However, the confinement model could be adjusted for application to other 
forms of confinement as well. The proposed concrete model was based on the Mander et al. 
model (1988) and provided the adjusted confining pressure based on the concept of 
equilibrium conditions and radial displacement compatibility between the concrete and the 
confining device (i.e., FRP). The equilibrium conditions and the radial displacement 
compatibility are illustrated in Figure 2-19 and Figure 2-20, respectively.  
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As shown in Figure 2-19, the inward confining pressure exerted by the FRP, ^ , 
should be equal to the outward pressure, ", acting inside the confined concrete cylinder, 
based on the equilibrium conditions. According to Figure 2-20, a concrete cylinder would 
have a radial displacement of Q  under axial concrete strain 9  for free dilation. This radial 
displacement Q  depended on the outer diameter of the concrete cylinder and Poisson’s 
ratio of concrete, which would be the same for both solid and hollow concrete sections that 
have the same outer diameter. For the concrete cylinder with confinement, a confining 
pressure provided by the confinement would apply to the concrete and resist the concrete 
dilation. This confining pressure would cause an inward concrete displacement Q under 
the assumption of plane strain conditions. This inward displacement Q depended on the 
elastic modulus of the concrete (s), Poisson’s ratio of concrete, and both the outer and 
inner diameters of the concrete section. It was shown that the thinner the concrete wall, 
the higher the inward displacement under the given pressure q. Therefore, the hollow 
concrete section with a thinner wall would have a smaller outward dilation (Q + Q). At 
the same time, an outward FRP jacket dilation, Q(, resulting from the pressure q acting 
inside the FRP thin cylinder would be induced, which depended on the Poisson’s ratio and 
elastic modulus of the confining device (i.e., FRP). Based on the radial displacement 
compatibility, the outward concrete dilation, Q + Q, should be equal to the FRP jacket 
outward dilation, Q(.  
 
Figure 2-19: Symbols and boundary conditions (Lignola et al., 2008) 
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Figure 2-20: Radial displacement contributions of concrete tube and FRP Jacket (Lignola et 
al., 2008) 
 
Using radial displacement compatibility between the confined concrete and the 
confining device (i.e., FRP jacket), combined with the equilibrium conditions of confined 
concrete, the researchers were able to develop an equation to calculate the pressure 
applied to the concrete by the confinement, q.  
 =  z;U
U;U*
Jz
z
|
|M|
[(;|z)*()|]
{z   (Equation 2-21) 
The variables influencing this pressure are the Poisson’s ratios of concrete and 
confinement ( T6r (), the elastic modulus of concrete and confinement (s T6r s(), and 
the external and internal radius of the column section (^ T6r "). For a solid column, the 
internal radius would be taken as zero. Using this confining pressure, the radial stress and 
circumferential stresses in the concrete can be calculated based on the equilibrium 
equations of confined concrete. An equivalent confining pressure (′), which took account 
of an equal contribution from the radial and circumferential stresses in the concrete, can be 
calculated as: 
   U′ = *| → U′ = 
|
|;|    (Equation 2-22) 
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This equivalent confining pressure is equal to the confining pressure multiplied by a 
factor based on the internal and external radius of a column. For a solid column, the 
equivalent confining pressure is simply equal to the confining pressure. This equivalent 
confining pressure is then used with Mander’s model. To account for the nonlinear behavior 
of concrete, an iteration flow chart was developed to evaluate the stress-strain relationship 
for concrete confined with FRP. 
An important concept discussed by this paper is that hollow columns have increased 
lateral deformability compared to solid columns. The authors suggested that the radial 
outward displacement of the concrete column is the same, regardless of whether the 
columns are solid or hollow. However, the hollow columns’ radial displacement requires less 
external pressure to restrain. Therefore, for the same axial strain applied to a solid and a 
hollow column, the hollow column would require less pressure to be restrained radially. 
Since less pressure is required, there would be less strain induced in the confinement. Their 
work suggested that the higher the internal radius of the specimen (the larger the void), the 
more deformable the specimen is and therefore, the less pressure will be required to 
restrain radial displacement. 
A parametric study was performed to study the effect of the hole size on the overall 
relationship between axial stress and axial strain of confined concrete. The derived axial 
stress vs. axial strain relationship of confined concrete for different external and internal 
radius ratios under the same relative confinement stiffness (i.e., same value of t/
;) is 
shown in Figure 2-21.  It shows that as the hole size increases, the confinement effect is 
reduced and therefore the enhancement of concrete strength is reduced. Figure 2-22 shows 
the axial stress vs. dilation ratio relationships of confined concrete for different external and 
internal radius ratios under the same relative confinement stiffness. Based on this figure, 
the concrete dilation ratio is relatively constant for both the confined solid and hollow 
sections before the axial concrete stress reached the peak stress for unconfined concrete. 
After the axial concrete stress reached the peak stress for unconfined concrete, the hollow 
sections have a smaller enhancement of axial concrete stress compared to solid section 
under the same dilation ratio. This is due to the increased lateral deformability of hollow 
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sections as described previously, which is more significant for a thinner wall, that 
corresponds to a bigger hole size. 
 
Figure 2-21: The axial stress vs. axial and radial strain relationship of confined concrete 
developed by Lignola et al., 2008 [1MPa = 145 psi] 
 
 
 
Figure 2-22: The axial stress vs. dilation ratio of confined concrete developed by Lignola et 
al., 2008 [1MPa = 145 psi] 
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Papanikolaou and Kappos (2009) 
This pair of companion papers describe a parametric analysis of a series of 
approximately 180 columns (circular, square, solid, and hollow) using three-dimensional 
finite element analysis. The analysis was verified by comparing experimental results to the 
analytical results and an acceptable agreement was found. The parametric analysis 
subjected the columns to pure increasing axial compression, while the specimens had 
various arrangements and quantities of transverse reinforcement. The goal of the study was 
to determine the most efficient and effective ways to confine concrete columns. It was 
noted that the finite element analysis was capable of modeling longitudinal and transverse 
steel as well as producing accurate behavior of confined concrete, with the help of a user-
defined model for triaxial confined state. The user-defined model was calibrated based on 
researchers’ previous experimental results.  
This research drew several important conclusions. One conclusion was that for 
circular columns, providing an inner layer of transverse reinforcement without cross-ties to 
the outer layer of transverse reinforcement does not provide useful benefits. For certain 
sections, use of this detail can actually be detrimental since the inner layer of transverse 
reinforcement tried to confine the inner concrete cover only, leaving the region around the 
inner layer of transverse reinforcement unfavorably unconfined. However, when outer and 
inner spirals are effectively tied together with cross-ties, the strength and ductility of 
circular columns are increased. This is due to the confining action of the inner spiral being 
transferred to the outer spiral through the cross-ties. A simple economic analysis, based on 
quantity of reinforcing steel compared to strength and ductility gain, found that the 
provision of an inner layer with cross-ties was justified.  
Other conclusions reported in the study included the following:  
• Providing smaller confinement spacing improved the strength and ductility of 
concrete, although the economic indicator showed that it is often not worth the 
extra reinforcement based on the marginal gains made. 
• Heavier confinement configurations caused the first yield of the transverse 
reinforcement to occur before the section achieved the peak strength. This is 
60 
 
 
contrary to the assumption made by several confinement models that the yield of 
transverse reinforcement occurs simultaneously with the peak compressive strength. 
• The behavior of the specimens, which used high-strength concrete and normal 
strength concrete, were compared and found that high-strength concrete 
experiences a smaller strength and ductility increase due to confinement effects 
compared to normal strength concrete. The smaller increase of strength and ductility 
for high-strength concrete are due to the more brittle nature of the unconfined high-
strength concrete when compared to unconfined normal strength concrete. 
• The analysis of rectangular column sections also had similar results, with an 
additional finding: providing overlapping hoops as opposed to cross-ties only had a 
small effect on strength, while achieving a large increase in ductility. Rectangular 
hollow columns with only an outer layer of confinement reinforcement did not 
appear to be analyzed.  
 
2.5 Bond Behavior of Strands 
In the past several decades, prestressed concrete has become a popular structural 
construction material, especially for accelerated bridge construction application. With the 
development of the prestressed concrete industry, the use of prestressing, bonded strands 
as concrete reinforcement becomes quite common. Strands are typically used as lifting 
handles, reinforcement for crack control, and connection reinforcement of precast concrete 
members.  This section will first give a brief description of bond mechanisms of strands. 
After that, literature about the experimental study of bond quality and bond characteristics 
of strands used as connection reinforcement based on pullout tests will be reviewed and 
summarized. 
2.5.1 Bond mechanisms of strands  
The bond between strands and surrounding concrete is significantly different from 
deformed bars. The bond mechanism of strands primarily consists of three parts: adhesion, 
friction and mechanical actions. These mechanisms are activated at different stages of 
relative strand-concrete slips. 
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The initial adhesion is lost after very small slips, which indicates that adhesion plays a 
minimal role in the entire bond capacity.  Friction, which is also known as Hoyer’s effect, is a 
major contributor to bond resistance in precast concrete structures.  When a prestressing 
strand is released, it expands laterally against surrounding concrete at its ends due to the 
Poisson’s effect. This results in a wedge effect that generates significant stress in the 
direction normal to the strand, thus leading to frictional force between the strand and 
concrete.  However, for an unstressed strand, the wedging action of Hoyer’s effect at its 
ends is not present. The diameter of the unstressed strand decreases as it is pulled out from 
the concrete, which decreases the friction between the strand and concrete.  Mechanical 
interlocking is generated from the helical shape of strands.  Unlike reinforcing bars, a strand 
tends to move helically when it is pulled out along the path formed by the surrounding 
concrete. Structural tests previously conducted by the Department of Structural Engineering 
at Chalmers University of Technology showed that the strand rotated within the concrete 
when a relative slip between the strand and the concrete occurred.   
In the pullout test of deformed reinforcing bars, bond stress was developed primarily 
due to the bearing force originating from the projecting ribs of the bar. When a deformed 
bar is pulled out from concrete, the concrete between the ribs of the deformed bar will be 
crushed.  The pullout mechanism for strands is different from reinforcing bars.  Instead of 
pulling out directly from the matrix, an unrestrained strand tends to move helically along 
the path formed by the surrounding tunnel of concrete.  If a constraint preventing the 
strand from rotating is created, torsional stiffness of the strand would increase its contact 
with the surrounding concrete, which in turn, increases friction and mechanical interlocking. 
2.5.2 Experimental study on bond quality of strands based on pullout tests 
The bond quality of strands may vary significantly, depending on the manufacture or 
more specifically, the strand manufacturing process.  Since there was no acceptable 
standard of testing method for bond quality, the PCI decided to use a simple pullout test 
procedure to validate the bond quality of strands.  This test method was first developed by 
Moustafa in 1974 and modified later by Logan in 1997. 
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Moustafa (1974) 
Moustafa (1974) conducted simple pullout tests on 0.5 in. (12.7 mm) uncoated 
strands with 18 in. (457 mm) embedment length to determine the strand capacity for use as 
lifting loops.  In this test, strands were pulled out through concrete by a hydraulic jack 
driven by an electrical powered hydraulic pump.  The average peak load was 38.2 kips (170 
kN).  This test method has been used by several of the following researchers to study bond 
behavior of strand, and the average peak load (38.2 kips) has been used as a benchmark for 
satisfactory bond performance. 
Brearley Jr. and Johnston (1990) 
The specimens used in Brearley and Johnston’s study (1990) were 12 in. long 
concrete prisms with an 8 in. square cross section (Figure 2-23).  The 270-ksi seven-wire 
unstressed strands went all the way through the prisms in the center of the cross section 
with an embedment length of 12 in.  Of the 52 specimens cast, 20 were uncoated strands 
with five 3/8 in. strand specimens, eight 1/2 in. diameter strands, and seven 0.6 in diameter 
strands.  Concrete compressive strength for the mix was 4000 psi after four to seven days 
and 5000 psi after 28 days. 
 
 
Figure 2-23: Pullout specimen details by Brearley Jr. and Johnston, 1990 (1 in. = 25.4 mm) 
 
The strands were pulled out of the specimens using a hollow hydraulic ram, driven 
by a manual pump.  Slip was monitored at both the free end and the loading end with dial 
gauges.  Load was applied in either 500 or 1000 lbs. increments until the strand slipped at 
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the free end.  The strand was then loaded to the maximum load.  Loading was stopped at 
each increment and slip was recorded after the bond creep had completely stopped from 
the previous loading increment. The average bond stress was calculated as the force of the 
strand divided by its nominal circumference, multiplied by the 12 in. embedment length.  
Figure 2-24 shows the bond stress conditions in pull-out specimens. Before the applied load 
was transferred to the free end, it was assumed that the embedment length consisted of 
plastic and elastic bond stress zones as shown in Figure 2-24 (a). As the applied load 
continued to increase, the plastic bond stress zone moved toward the free end of the strand, 
which caused free-end slip and the entire embedment length became the plastic bond 
stress zone as shown in Figure 2-24 (b). The force at the first free-end slip was used to 
calculate the plastic bond stress (), and the maximum force experienced by the strand 
was used to calculate the maximum bond stress (H). 
 
 
Figure 2-24: Bond stress conditions in pull-out specimens (a) Elastic-Plastic state (b) Plastic 
state (Brearley Jr. and Johnston, 1990) 
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For the 0.5 in. diameter uncoated strand, the average bond stress determined at 
initial free-end slip was 285 psi and the average maximum bond stress was 295 psi.  The 
average maximum simple pullout load for 0.5 in. diameter as-received condition strands was 
7.4 kips, which was not directly comparable to those performed by Moustafa (1974).  One 
possible reason was that the Brearly and Johnston’s pullout tests were performed on a small, 
single-strand pullout specimen with an embedment length of only 12 in. (305 mm), whereas 
the tests performed by Moustafa (1974) were conducted on a strand embedded in large 
concrete blocks with a total embedment length of 18 in. (457 mm).  Another possible reason 
was that the load applied by Brearly and Johnston was much slower than that applied by 
Moustafa (1974).  
Rose and Russell (1997) 
In order to investigate the ability of bond performance tests to predict the bond 
characteristics of strands, Rose and Russell (1997) performed three different tests.  One of 
these tests was simple pullout test, which was conducted on 0.5 in. diameter, seven-wire, 
Grade 270, low-relaxation unstressed strands.  “As-received” strands from three 
manufacturers were tested in the test program.  Strands from one of the manufacturers 
were also tested with three other surface conditions: cleaned (with muriatic acid), silane-
treated (emulating a slightly lubricated surface), and weathered.  The test results were 
compared with measured transfer lengths in pretensioned beams containing various strand 
types.  
The simple pullout test blocks were 2 ft x 3 ft x 4 ft, with strands patterned in a 4 x 3 
grid. The spacing between two strands was 9 in.  Each strand went all the way through the 
block with a 4 in. bond breaker at the bottom and a 2 in. bond breaker at the top, giving an 
18 in. embedment length. Figure 2-25 shows the schematic detail of the pullout block. The 
specimens were cast with a concrete mix having target release strength of 4000 psi.  The 
test procedure was the same as those performed by Moustafa (1974). 
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Figure 2-25: Elevation schematic of simple pullout blocks by Rose and Russell (1997) 
 
During the simple pullout tests, the pullout load was applied to the jacking end of 
each strand through a hydraulic actuator, powered by a manual hydraulic pump, and the 
slip was monitored at both the free end and the jacking end using aluminum clamps and 
linear potentiometers.  Figure 2-26 shows the test setup at the loading end of the simple 
pullout tests. The strand was loaded in a continuous manner until the free-end slipped 1 in. 
and loading was stopped to record data at regular intervals of free-end slip. The pauses in 
loading resulted in a relatively slow loading rate and each test took about 15 to 20 minutes. 
This was different from the earlier tests conducted by Moustafa where each test took less 
than 2 minutes.   
The initial pullout load was defined as the load corresponding to 0.005 in. free-end 
slip.  The initial pullout strength was 10.4 kips, 19.8 kips, and 23.9 kips, corresponding to 
three different manufacturers for the “as-received” conditions, and the maximum pullout 
loads were 15.3 kips, 27.4 kips, and 31.9 kips, respectively.  It was concluded that the 
loading rate and strand manufacturers significantly affected the pullout strength of strands. 
66 
 
 
When the pullout forces were plotted as a function of transfer lengths, while 
ignoring the results from the silane treated strands, the data showed a strong correlation.  
However, the developed equation did not indicate a good physical relationship between the 
transfer length and pullout strength.   
 
 
Figure 2-26: Simple pullout test setup at loading end (Rose and Russell, 1997) 
 
Logan (1997) 
The purpose of this study was to compare the bond quality of strands from different 
manufacturers, as well as to correlate the results of simple pullout tests to transfer and 
development length tests.  Grade 270, 0.5 in. regular strands from five different strand 
producers were tested in this study.  Strand from one producer was divided into two sets, 
the first of which was kept in the as-received condition, while the second was exposed to 
the weather and allowed to develop a coat of rust.  Each strand type was examined to 
determine the surface condition and was wiped with a cloth to examine the residue on the 
strand.  For each strand group, the results of Moustafa’s pullout tests on the strand were 
compared with measured draw-in lengths and development length tests results for ten 
beam specimens.   
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The pullout tests consisted of 36 unstressed strands which were cast into two 
concrete blocks. The 36 strands were divided into 6 groups, with each group containing 6 
strands. The strands were placed in two rows along the length of the blocks with 12 in. 
between rows and 8 in. between the strands along each row. Each strand was embedded 20 
in. into the block with a 2 in. bond breaker at the concrete surface to reduce the effects of 
concrete spalling.  The schematic of simple pullout blocks and reinforcing details is shown in 
Figure 2-27. The pullout tests were performed with a hollow ram and a small steel frame. 
The strands were pulled out at a load rate of 20 kips per minute until maximum load could 
not be sustained. The load at first slip, maximum load, slip at failure, and failure 
characteristics were recorded for each test. The concrete mix was designed to attain an 
expected concrete compressive strength of 4000 psi overnight and 6000 psi in 28 days. The 
obtained average overnight concrete strength was 4350 psi for the pullout tests. 
 
 
Figure 2-27: Reinforcing details of pullout test blocks by Logan, 1977 
 
Figure 2-28 compares the average maximum pullout load and standard deviation for 
each strand group. For reference purposes, the 1974 benchmark developed by Moustafa 
was also included in the same figure. From this figure, four of the strand groups (Groups TW, 
TA, A, and B) had average pullout capacities above 36 kips (160 kN), and were classified as 
having “high bond quality.”  Maximum pullout resistance of these strands typically occurred 
immediately prior to abrupt failure at loaded-end slip ranging from 0.5 to 2 in. (13 to 50 
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mm).  The remaining two strand groups (Groups D and ER) had average pullout capacities of 
approximately 11 kips (49 kN), and were classified as having “low bond quality.”  These 
strands were pulled out gradually and the peak resistance occurred after 6 to 8 in. (150 to 
200 mm) of loaded-end slip.  Little paste bond appeared between the strand and the 
concrete for these two groups, which indicated a lack of adhesion between the steel and 
concrete that may be a result from residual lubricant on the surface of the strands.   
Based on the results of the transfer and development length tests, Logan concluded 
that the bond quality differed significantly with the manufacturers.  The strands classified as 
having “high bond quality” exhibited transfer and development lengths less than those 
indicated by the ACI equations, while the strands classified as having “poor bond quality” 
exhibited transfer and development lengths greater than the ACI equations.  Therefore, an 
average capacity of at least 36 kips (160 kN) based on the pullout test developed by 
Moustafa should be required for 0.5 in. prestressing strands.    
 
 
Figure 2-28: Pullout capacity for each strand group by Logan, 1997 
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Mote (2001) 
The specimens used by Mote measured 24 in. wide and 24 in. deep.  The block was 
80 in. long, with strands spaced 12 in. apart every 8 in. along the length of the block.  The 
strands extended 20 in. into the concrete with a 2 in. bond breaker at the top, resulting in 
an 18 in. embedment length.  The concrete mix used in the test had a target compressive 
strength of 3500 to 5900 psi.  The strands were loaded at 20 kips/minute to failure.   
Based on the pullout test results, the maximum bond capacity of strands was not 
related to the compressive concrete strength.  However, in the case of the deformed 
reinforcing bar, the maximum bond capacity was approximately proportional to the square 
root of concrete compressive strength.  This indicated that a different bond mechanism 
existed between strands and deformed reinforcing bars. 
As long as the concrete splitting failure was limited, the indented strands showed 
higher bond capacity compared to that of smooth strands, which could be explained by the 
physical interlocking between the indented strand and concrete.  This interlocking between 
the strand and concrete would definitely increase the friction mechanism due to the 
compressive stress induced in the interface. 
The roughness of the strand surface played an important role in the initial bond 
response, which was related to the adhesion in the interface.  The bond capacity of the 
adhesion mechanism increased with increasing roughness of the strand surface. 
Based on the tests, it was concluded that the bond-slip relationship between strand 
and concrete was closely connected to the geometrical properties of the strand surface 
condition.  At the initial stage, the bond capacity is mainly contributed by the adhesion 
mechanism, which could be increased either by increasing the roughness of the strand 
surface or increasing the concrete density of the concrete matrix in the interface.  Since the 
increased adhesion mechanism did not induce compressive strength in the direction normal 
to the strand surface, improving the adhesion mechanism did not increase the potential risk 
of splitting failure of the bond.  After the initial debonding occurred, the bond capacity 
switched to the friction mechanism.  The greatest contribution to bond capacity was 
contributed by the mechanical action, which was directly related to strand indentations. 
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2.5.3 Experimental study on bond characteristics of strands used as connection 
reinforcement of precast concrete members 
Although the use of unstressed, bonded strands as reinforcement for precast 
concrete structures includes several applications, such as lifting handles, reinforcement for 
crack control, etc., one of the most widely-used applications is connection reinforcement for 
precast concrete members, especially for precast bridge girders. 
Salmons and McCrate (1977) 
In order to examine the use of unstressed, bonded strands as reinforcing for 
concrete, especially for connection between precast bridge girders, Salmons and McCrate 
studied the bond characteristics of unstressed strands with three configurations: straight 
unfrayed, straight frayed, and bent unfrayed, based on pullout tests. The test strands were 
embedded in concrete with different embedment lengths, which ranged from 5 to 45 in., 4 
to 36 in., and 10 to 40 in. for straight unfrayed, straight frayed, and bent unfrayed strands 
configurations, respectively. The effect of strand diameter and concrete compressive 
strength (in a range of 3750 to 6900 psi) on the bond characteristics of unstressed strands 
was also investigated.  
The relationship between the steel stress and slip at the loading end was developed 
and is shown in Figure 2-29. According to this figure, the bent unfrayed strands presented 
the highest strength and stiffness, followed by the straight unfrayed strands. The straight 
frayed strands showed the lowest strength and stiffness. In terms of the steel stress and 
loaded-end slip relationship, it was found that concrete strengths and strand diameters did 
not seemed to have an obvious effect on the bonding characteristics of unstressed strands 
with the range of values used in this research. In addition, the relationship between the 
embedment length and steel stress at the general slip was formulated based on a least 
square fit of the data for the three strand configurations as shown in Figure 2-30. The 
general slip was defined as the point where slip at the free end of a strand is sufficient to 
produce a readable measurement.  
Since the scope of this study was not to determine the ultimate capacity of 
unstressed strands, the condition of general slip was used to terminate the load-
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displacement relationships. Therefore, the load-displacement response beyond the general 
slip condition up to the maximum strength of strands was not developed. 
 
 
Figure 2-29: Steel stress versus loaded-end slip for the three strand configurations 
(Salmons and McCrate, 1977) 
 
 
Figure 2-30: Steel stress at general slip as a function of embedment length for the three 
strand configurations (Salmons and McCrate, 1977) 
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Noppakunwijai et al. (2002) 
Following the research studied by Salmons and McCrate, Noppakunwijai et al. 
focused on pullout tests of unstressed bent strands that are commonly used for precast 
concrete girders in practice. They evaluated the pullout capacity of 0.5 in. and 0.6 in. (12.7 
and 15.2 mm) diameter, Grade 270 low relaxation, unstressed bent strands with various 
embedment lengths. The embedment length was defined as the summation of horizontal 
embedment length (i.e., distance from the end face of the precast I-girder to the centerline 
of the vertical leg of the extended strand, as shown in Figure 2-31) and vertical embedment 
length (i.e., vertical portion of the extended bent strand in diaphragm, as shown in Figure 
2-31).  
 
 
Figure 2-31: Bent strand details (Noppakunwijai et al., 2002) 
 
Three specimens were designed, with the horizontal embedment length and vertical 
embedment length as the main investigated parameters. Figure 2-32 shows a typical pullout 
test setup. Based on the test results, two relationships were developed. One is the 
relationship between the pullout force and strand slip, and the other one is the relationship 
between the maximum strand stress and total embedment length. Since confining 
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reinforcement was not provided, the results presented in this research provided a 
conservative estimate of pullout capacity. 
 
 
Figure 2-32: Pullout test setup (Noppakunwijai et al., 2002) 
 
Based on the test results, it was found that the pullout capacity increased with the 
increase of total embedment length. For a fixed horizontal embedment length [i.e., 6 in. 
(152 mm)] that complied with common diaphragm dimensions, a design equation was 
developed for the vertical embedment length to achieve the maximum strand stress, which 
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was conservatively taken as 80% of the specified strand strength.  The design equation is 
expressed as 
 
U = . U   ≤ . U⁄     (Equation 2-23) 
 
Where, 
  is the developed strand stress, Z  is the specified tensile strength of prestressing 
tendons, ¡¢ is the vertical embedment length of non-prestressed bent strand, and r is the 
nominal diameter of the strand. 
Based on this design equation, a minimum total embedment length of 30 in. (762 
mm) and 36 in. (889 mm) was recommended for 0.5 in. (12.7 mm) and 0.6 in. (15.2 mm) 
diameter strand for a concrete compressive strength of 4000 psi (28 MPa), respectively.  
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 EFFECTS OF CONFINEMENT IN CIRCULAR HOLLOW 
COLUMNS 
A paper to be submitted to the ACI Structural Journal or similar journal 
Xiao Liang and Sri Sritharan 
3.1 Abstract 
The strength and ductility of concrete can be improved by adding confinement, 
which has paved the way for designing structures to withstand extreme loads. The confined 
concrete behavior of solid sections is generally well understood. This paper presents a 
systematic analytical study on the confinement effect in concrete hollow sections using key 
variables such as concrete dilation and confining pressure. It is shown that the effects of 
confinement on solid and hollow sections are very different. Therefore, the confinement 
models developed for solid sections are not directly applicable to hollow sections. The 
difference in behavior is due to variations in concrete dilation and the distribution of 
confining pressure across the wall thickness. Finally, it is shown that the effectiveness of 
confinement in hollow concrete sections should be quantified using confinement 
configuration, wall thickness, and confinement reinforcement ratio as the main variables. 
Keywords: seismic; hollow; concrete; column; confinement; analysis; FE modeling; design 
3.2 Introduction 
In recent years, hollow columns have become increasingly popular with the 
development of taller and longer bridge construction, due to their high structural efficiency 
along with reduced costs and seismic mass. It has been established that although a hollow 
reinforced concrete column offers a high effectiveness of section properties, it may show 
poor ductility due to brittle failure resulting from concrete crushing at its inner concrete wall 
surface.  To ensure dependable seismic performance of hollow reinforced concrete columns, 
their potential plastic hinge regions must be designed with effective transverse 
reinforcement to prevent brittle failure and allow the columns to reach a satisfactory 
ductility level.  
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Well-confined solid concrete members can sustain large axial concrete strains 
without significant degradation of concrete strength (Hines, 2002). The confinement 
reinforcement in critical regions of these columns is typically designed using the confined 
concrete models developed primarily for solid concrete sections, such as the model 
proposed by Mander et al. (1988). This model has been utilized widely in current seismic 
design practice of reinforced concrete bridges (Caltrans 2013; AASHTO 2012; AASHTO 2013 
and AASHTO 2014). Experimental studies conducted by previous researchers have indicated 
that Mander’s model enables accurate prediction of the flexural behavior of reinforced 
concrete columns subjected to lateral load, such as that generated by an earthquake.  
Besides Mander’s model, there are several other confined concrete models (i.e., Park et al, 
1982, Saatcioglu and Razvi, 1992 and Hoshikuma et al., 1977) available in the literature that 
also describe the increased strength and ductility of solid concrete sections due to 
transverse confinement. These models were also developed based on experimental testing 
on small-scale solid concrete members subjected to concentric axial compression.  
Although limited research exists for hollow sections, previous studies focused largely 
on studying flexure and shear behavior of hollow concrete columns through large-scale tests 
(Table 3-1). Some researchers (e.g.; Hoshikuma and Priestley, 2000; Ranzo and Priestley, 
2001; and Zahn et al., 1999) tested hollow concrete columns confined with a single layer of 
transverse reinforcement. Anticipating that keeping the entire compression zone within the 
wall thickness will lead to ductile column behavior, they designed the wall thickness and 
transverse reinforcement ratio with due consideration to the axial load and longitudinal 
reinforcement ratios. However, these test columns exhibited limited ductile behavior with 
failure caused by the collapse of the concrete wall on the inner surface. Other researchers 
(e.g.; Yeh et al., 2001 and 2002; Mo et al., 2003) tested columns confined with two layers of 
transverse reinforcement, distributed equally close to both the inside and outside concrete 
walls, connected with cross-ties. For these hollow columns, longitudinal reinforcement is 
required to be placed near both the inside and outside concrete walls for constructability. 
They claimed that the inside concrete wall had to be confined to reach a higher axial 
concrete strain without experiencing unfavorable concrete crushing. The experimental 
results confirmed their hypothesis and the test specimens behaved in a ductile manner with 
the failure characterized by fracture of the outside longitudinal reinforcement. Rationale 
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was not provided for placing equal amounts of inside and outside transverse reinforcement, 
neither were measurements taken to justify this argument. A drawback of the hollow 
columns with two layers of transverse reinforcement is that it significantly increases the 
construction and labor costs. 
Given the aforementioned concerns with regard to the hollow column design and to 
promote the application of hollow concrete columns in seismic regions, this paper 
systematically investigates the confinement effect in hollow sections through finite element 
analyses in three parts. First, the confinement effect in solid sections is examined, using 
confining pressure and concrete dilation as the key parameters. Second, validation for finite 
element models developed for solid and hollow sections are presented. Finally, the 
effectiveness of confinement in hollow concrete sections is investigated using confinement 
configuration, wall thickness, and transverse reinforcement ratio as the main variables and 
suitable recommendations are then developed.  
3.3 Research Significance 
A better understanding of the confinement effect in solid sections using fundamental 
key parameters such as the confining pressure and concrete dilation, with the help of finite 
element models, is presented in this paper. The stress-strain relationship of confined 
concrete in hollow concrete sections has been assumed to be the same as that developed 
for solid sections. This is shown to be incorrect. The analytical results presented in this 
paper demonstrate how to confine hollow concrete columns accurately and effectively, and 
also provide a promising future for the widespread use of hollow columns in current bridge 
construction.   
3.4 Analysis Approach 
A finite element method (FEM) was utilized in this study to model concrete columns 
primarily under concentric axial compression. This aimed at loading the specimen beyond its 
peak strength and establishing the complete relationship between axial stress and axial 
strain, including softening that occurs beyond the peak strength.  Using the 3D nonlinear 
finite element software ABAQUS (CAE 6.12, 2012), hollow concrete columns were 
systematically analyzed with the confinement configuration, wall thickness, and transverse 
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reinforcement amount as the main variables.  The following sections present the material 
models and the details of the FE models used in this study. After that, the validation of the 
FE models is presented for both solid and hollow column behaviors.  
3.4.1 Materials models 
A concrete damaged plasticity model available in ABAQUS was used to define the 
concrete material behavior in all FE models. This model incorporates two damage variables, 
one for compression and one for tension, to model the stiffness degradation during inelastic 
action in concrete.  Tensile cracking and compressive crushing are two main failure 
mechanisms for concrete in the damaged plasticity model.  Therefore, the concrete stiffness 
can be modeled during inelastic action to a greater level of accuracy, if calibrated properly. 
For compression behavior, the cover concrete was modelled as unconfined concrete using 
the model shown with a dashed line in Figure 3-1 (a). However, a modification to the post-
peak behavior of unconfined concrete model was used to represent the confined concrete 
behavior, as shown in the same figure. This is because the concrete damaged plasticity 
model is pressure dependent, which means the behavior of each individual element 
depends on the pressure it experiences while the shape remains the same. This approach 
has been shown to successfully capture the increased concrete strength and ductility due to 
the increased confining pressure provided by the confinement reinforcement (Snyder et al., 
2011). The input concrete behavior under uniaxial compression is shown in Figure 3-1 (a) 
and Table 3-2 (Compressive Behavior). 
Concrete behavior under uniaxial tension was assumed to be linear until forming the 
initial macroscopic cracks at the peak stress (i.e., failure stress).  Post failure behavior was 
defined in terms of stress versus cracking strain.  This behavior allowed defining the effects 
of the reinforcement interaction with concrete by introducing some tension stiffening to the 
softening branch.  A typical tension stiffening model in ABAQUS is shown in Figure 3-1 (b).  It 
was important to select appropriate tension stiffening parameters to obtain numerical 
stability, and also to avoid local cracking failure in the concrete that introduced temporarily 
unstable behavior in the overall response of the model. The defined tensile behavior of 
concrete is shown in Table 3-2 (Tensile Behavior). 
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Additional inputs such as dilation angle, eccentricity, uniaxial to biaxial stress ratio, 
stress variant, and viscosity parameters were required to completely define the damaged 
plasticity model for concrete.  The suggested default values from ABAQUS were used as 
tabulated in Table 3-2 (Plasticity). Longitudinal and transverse reinforcement behavior after 
elastic range was defined in terms of yield stress versus plastic strain as shown in Table 3-2 
(Plastic).  
3.4.2 Model formulation 
The outer diameter of all the hollow circular concrete cylinder was 12 in. [304.8 mm] 
outer diameter and the inner diameter was calculated based on a series of preselected β 
values ranging from 0.1 to 0.2, where β represents the ratio of the wall thickness to the 
outer diameter.  The height of the cylinder was taken as 48 in. [1219.2 mm], which led to an 
aspect ratio of 1:4.  Cubic elements with the length of each side being 0.5 in. [12.7 mm] 
were used to accurately capture the stress/strain variations across the wall thickness.  The 
longitudinal reinforcement consisted of 20 #2 bars (i.e., 0.25 in. [6.35 mm] diameter). The 
transverse reinforcement consisted of two sizes of circular hoops (i.e., 0.177 and 0.125 in. 
[4.5 and 3.2 mm] diameter bar), spaced at 1 in. [25.4 mm] along the entire height of the 
cylinder, which resulted in sρ  value of 0.82% and 0.41%, respectively. The circular hoop was 
placed as close as possible to the outside concrete wall surface (one layer of confinement 
reinforcement) or to the outside and inside concrete wall surfaces (two layers of 
confinement reinforcement), which led to zero concrete cover in the models. This option 
was preferred to avoid any numerical instability resulting from crushing of cover concrete. 
Two element types were primarily used in the development of all FE models: C3D8R 
and T3D2.  The C3D8R element is a continuum three-dimensional 8-noded solid element 
with three translational degrees of freedom at each node, commonly known as the “brick” 
element. This element modelled the concrete.  The other element, T3D2, is a three-
dimensional 2-noded truss element (only resists forces in the axial direction), which was 
used to model embedded longitudinal and transverse reinforcing bars.  This element has 
two nodes with three translational degrees of freedom at each node. 
The embedded region constraint option was used for connecting reinforcement 
elements to the surrounding concrete.  This approach constrained translational degrees of 
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freedom of the embedded steel reinforcement element nodes to the degrees of freedom of 
the surrounding concrete element nodes, which were the host elements. 
Figure 3-2 shows the boundary and loading conditions of a modeled 2 in. wall hollow 
circular column under concentric axial load. Due to triple symmetry, only 1/8 of the member 
was modeled to reduce the computational time.  Appropriate boundary conditions were 
enforced on the symmetric planes, which were u = 0 on the plane normal to the x-axis, v = 0 
on the plane normal to the y-axis, and w = 0 on the bottom surface normal to the z-axis (see 
Figure 3-2). The top and bottom horizontal planes were unrestrained and allowed 
displacement to take place in the z direction. This was made to capture the uniaxial confined 
concrete compression behavior of an isolated segment along the height of the column that 
is undisturbed from boundary conditions at the member end. Uniform compressive 
displacement in the z direction was applied to the top concrete section surface (see Figure 
3-2). 
3.4.3 Validation using a solid column section 
To validate the analytical model, a solid column with two different confinement 
reinforcements was first modeled in ABAQUS, which had the same geometry and was 
subjected to the same boundary and loading conditions as the hollow columns 
demonstrated previously.  The comparison between the derived axial stress-strain 
relationships of confined concrete and those obtained from the model developed by 
Mander et al. is presented in Figure 3-3.  It is seen that FEM of the confined concrete 
behavior accurately matches the Mander et al. model’s estimations, confirming that the 
modeling approach and the employed material model satisfactorily described the 
confinement effect in terms of enhanced strength and ductility characteristics of confined 
concrete members.   
Figure 3-4 shows the derived concrete behavior in both the loading direction as well 
as the radial direction for each concrete element of the modelled solid concrete column 
section. The resulting concrete dilation is illustrated in Figure 3-5. Figure 3-4 shows that the 
concrete elements in a solid section do not experience the same confining pressure. If the 
entire concrete solid section is represented by a series of rings, the ring located closer to the 
section center experiences the highest confinement effect and produces the largest peak 
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stress (Figure 3-4 (a)).  The peak stress decreases within rings as their distance from the 
section center increases. This is because the ring located closer to the section center 
experiences a higher magnitude of radial stress (i.e., confining effect) as shown in Figure 3-4 
(b).  
The reason for the decrease in confining pressure as the distance to the ring from 
the center increases can be realized using dilation of concrete elements. When subjected to 
axial compression, the concrete element dilates in the radial and circumferential directions. 
For the elements in the outer ring, the transverse reinforcement restrains the dilation of 
these elements in the outward radial direction, which depends on the quantity of transverse 
reinforcement. For the elements in the ring adjacent to the outer ring, restraining effects 
are provided by the confinement reinforcement and the outer ring elements. The influence 
of the outer ring elements stems from their outward movement being controlled by 
confinement reinforcement. The influence of outer ring elements on inner ring elements 
would increase toward the center of column section. This is illustrated in Figure 3-5, which 
shows the radial deformation for a selected set of elements along the radial direction and 
the effective change in element length with respect to its original dimension. 
3.4.4 Validation using hollow column HF1  
The accuracy of the analytical model was also evaluated for the response of a hollow 
bridge system (HF1) subjected to a cyclic lateral load (Hoshikuma and Priestley, 2000).  The 
ability of the analytical model to accurately represent the local behavior (in terms of failure 
mode and damage region) of the hollow bridge system will be discussed. The specimen HF1 
had a 60 in. [1524 mm] outer diameter with a wall thickness of 5.5 in. [139.5 mm]. The 
longitudinal reinforcement consisted of 34 bundles of two #4 bars ( 7.12=bd mm, 0.5 in.), 
and the transverse reinforcement consisted of W5 wire spiral spaced at 1.38 in. [35mm] in 
the critical regions, which corresponded to a volumetric ratio of 0.48% for the longitudinal 
reinforcement and 0.22% for the transverse reinforcement.  The detailed finite element 
model developed for this unit can be found in Liang et al. (2015). 
Figure 3-6 compares the overall lateral force-displacement curve of the finite element 
model and the envelope of the hysteretic load-displacement response of HF1. The FEM 
response shows a 7.8% lower ultimate resistance than the experimental one, but closely 
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matches the overall force-displacement trend.  The calculated lateral displacement when 
the inside face concrete crushed was about 88 mm (3.5 in.), which is 2.3% higher than the 
measured displacement corresponding to the inside face concrete crushing (86 mm, 3.4 in.). 
Compared to the pushover analysis based on the moment-curvature response conducted by 
Hoshikuma and Priestley, which predicted failure of HF1 by fracture of longitudinal 
reinforcement, the FEM presented here provided a more realistic failure mode. In addition 
to the overall force-displacement response comparisons, some local comparisons were also 
made to ensure that the FEM can simulate the HF1 response accurately. This column failed 
in the first push cycle to ductility 4.0 due to concrete crushing on the inside surface over a 
height of 300 mm [11.8 in.] to 600 mm [23.6 in.] from the column base as shown in Figure 
3-7 (b). A similar failure region was observed in the FEM with concrete crushing assumed to 
be at a strain of 0.005 in/in (Figure 3-7 (a)). Good comparisons seen for the global and local 
responses for the experimental and FEM results of HF1 further confirm that the chosen 
analytical approach can characterize the hollow column response satisfactorily.  
3.5 Confinement Effects in Hollow Sections  
To investigate the confinement effect in hollow columns, an analysis matrix was 
carefully chosen and is summarized in Table 3-3. In order to better understand the influence 
of confinement configuration on the confined concrete behavior of hollow columns, three 
different confinement configurations (i.e., one layer of transverse reinforcement, two layers 
of transverse reinforcement connected with cross-ties, and two layers of transverse 
reinforcement without cross-ties) were used. Hollow columns with two layers of transverse 
reinforcement and cross-ties were investigated to rationalize the role of cross-ties and the 
confinement reinforcement to be placed close to the inside concrete wall surface. Finally, 
for hollow columns with a single layer of transverse reinforcement, wall thickness and 
transverse reinforcement quantity are the two most critical variables and thus their 
influence was studied, in an effort to confine these columns effectively. 
3.5.1 Influence of confinement configuration 
Figure 3-8 shows the axial stress-strain relationships of axially loaded, 2 in. (50.8 mm) 
wall hollow concrete columns with the three different confinement configurations 
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presented in Table 3-3.  For reference purposes, a solid column, with the same outer 
dimension (d = 12 in., 304.8 mm) and a transverse reinforcement volumetric ratio of 0.82%, 
was also analyzed using FEM. This result and that obtained from the Mander’s prediction 
are also included in Figure 3-8.  It can be seen from Figure 3-8 that the hollow column with 
two equally distributed layers of transverse reinforcement and cross-ties presents a better 
confined concrete behavior than the solid column, with a significantly smaller deterioration 
rate in the descending branch. This is primarily because the hollow column with this 
reinforcement arrangement has a greater volumetric ratio of transverse reinforcement. 
Both the single layer of transverse reinforcement and two equally distributed layers of 
transverse reinforcement without cross-ties provided a lower confinement effect than the 
transverse reinforcement in the solid column. The reduction of confinement effectiveness 
was more significant for the two equally distributed layers of transverse reinforcement 
without cross-ties. This observation indicated that the presence of the inner layer of 
reinforcement did not help to improve the concrete behavior unless it was tied to the outer 
layer of reinforcement with cross-ties, which is consistent with the findings provided by 
Papanikolaou and Kappos (2009). Papanikolaou and Kappos showed that the inner layer of 
transverse reinforcement placed near the inside concrete wall surface only confined the 
inside concrete cover, causing the concrete region around this inner reinforcement to be 
negatively confined if it was not tied to the outer layer of reinforcement. 
The points where the inner and outer layers of transverse reinforcement reach the 
yield strain are also plotted in Figure 3-8. Transverse reinforcement is known as passive 
confinement, which depends on concrete dilation to activate the confinement mechanism. 
The concrete dilation causes the transverse reinforcement to develop tensile stress, which 
can then apply confining pressure to the concrete embraced by them. According to Figure 
3-8, the inner layer of reinforcement was not stressed to the yield strain for the hollow 
column that has two equally distributed layers of transverse reinforcement without cross-
ties. However, both the inner and outer layer of reinforcement were stressed to the yield 
strain for the hollow column with two equally distributed layers of transverse reinforcement 
connected with cross-ties, and the outer layer of reinforcement reached the yield strain 
prior to the inner layer. This implied that the demand for the inner layer of reinforcement is 
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smaller than the outer layer, and the role of cross-ties is to transfer the unequal demand 
between these two layers of reinforcement.  
To better illustrate the confinement effect in hollow columns with the three 
different confinement configurations as studied, the confining stress distribution across the 
wall thickness for the 2 in. (50.8 mm) wall hollow columns is plotted in Figure 3-9. For each 
confinement configuration, the concrete wall section was divided into 8 layers. The number 
shown in the horizontal axis represents the concrete layer from the inside concrete wall 
surface to the outside concrete wall surface, with the concrete layer 1 being the inside 
concrete cover and concrete layer 8 being the outside concrete cover. In this figure, the 
negative radial stress corresponds to positively confined concrete, while the positive radial 
stress corresponds to negatively confined concrete. The magnitude of the radial stress 
represents how well the concrete element is confined. For the hollow column that has two 
equally distributed layers of transverse reinforcement without cross-ties, the inner concrete 
wall section (i.e., concrete layers 1, 2, and 3) experience positive radial stress as shown in 
Figure 3-9 (b) and thus they are negatively confined. This observation was consistent with 
that found by Papanikolaou and Kappos and justified the reduced confined concrete 
strength of the hollow column with such reinforcement arrangement shown in Figure 3-8. In 
addition, the tension demand developed in the inner layer of reinforcement was effectively 
transferred to the outer layer with the help of cross-ties, which caused the concrete 
element embraced by the outer layer of reinforcement to experience a higher magnitude of 
radial stress as shown in Figure 3-9 (c). Therefore, two equally distributed layers of 
reinforcement connected with cross-ties provide the best confining effect to the concrete 
core of hollow columns, followed by a single layer of reinforcement. Two equally distributed 
layers of reinforcement without cross-ties is the least efficient confinement configuration 
among the three types. As a result, the following discussion will focus on hollow columns 
confined with two layers of transverse reinforcement connected with cross-ties and one 
layer of transverse reinforcement.  
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3.5.2 Two layers of transverse reinforcement with cross-ties 
3.5.2.1 Influence of different inner to outer layer of reinforcement amount 
As discussed previously, two equally distributed layers of reinforcement connected 
with cross-ties is the most effective of the three confinement configurations studied. 
However, the difference between the inner and outer layer of reinforcement reaching the 
yield strain might come from applying equally distributed inner and outer layer of 
reinforcement in the analysis (in terms of same reinforcing bar size and same transverse 
spacing). Furthermore, the tension demand developed in the inner layer is smaller than the 
outer layer. Therefore, hollow columns with smaller amounts of inner reinforcement were 
analyzed, while maintaining the same confinement reinforcement ratio. The derived axial 
stress and axial strain relationship comparisons for each wall thickness is presented in Figure 
3-10. 
As the wall thickness-to-section diameter ratio (t/d) increases, the peak stress 
enhancement due to two layers of confinement reinforcement connected with cross-ties 
becomes more significant when compared to the single layer of confinement reinforcement.  
For the 0.1 wall thickness-to-diameter ratio, the hollow column confined with a single layer 
of reinforcement performs very similarly to that with a 2:8 inner-to-outer reinforcement 
ratio connected with cross-ties, although the hollow column confined with a single layer of 
reinforcement might experience unfavorable inside concrete wall crushing. However, 
placing two layers of reinforcement connected with cross-ties for hollow columns with 
thinner walls may experience a high probability of reinforcement congestion and also 
impose challenges when casting concrete due to the reduced area for concrete fill. 
Therefore, it would be unnecessary to place two layers of confinement reinforcement for 
thinner wall hollow columns.    
For all the wall thickness-to-diameter ratios analyzed in this study, the axial stress 
and axial strain behavior of concrete follows a similar initial ascending branch.  The behavior 
starts to deviate after the confinement effect is activated.  For each wall thickness ratio, the 
peak stress increases as the inner-to-outer reinforcement ratio changes from 5:5 to 
1:9.  This indicates that the peak stress of confined concrete is positively related to the 
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quantity of outer reinforcement under the same confinement reinforcement ratio, and the 
required confinement reinforcement for the inner layer should be much smaller than the 
outer layer. 
Figure 3-11 compares the average radial stress across the wall thickness experienced 
by the concrete for the three confinement configurations, which include a single layer of 
reinforcement, two equally distributed layers of reinforcement connected with cross-ties, 
and an inner-to-outer reinforcement ratio of 1:9 with cross-ties. This figure clearly 
represents how well concrete is confined for each confinement configuration. The hollow 
column with a single layer of reinforcement follows a similar initial radial stress as that with 
two layers of reinforcement connected with cross-ties, and the difference starts after the 
axial strain reaches 0.002 in/in when the confinement takes into effect. After the axial strain 
passes 0.002 in/in, the hollow columns with two layers of reinforcement and cross-ties show 
a higher magnitude of radial stress than that with a single layer of reinforcement, especially 
for the hollow column with an inner-to-outer reinforcement ratio of 1:9. It was found that 
the difference between the single layer of reinforcement and two equally distributed layers 
of reinforcement connected with cross ties primarily came from the force being transferred 
through the cross-ties. The additional increase of radial stress for the hollow column with an 
inner-to-outer reinforcement ratio of 1:9 was due to the greater quantity of reinforcement 
placed near the outside concrete surface. 
3.5.3 One layer of transverse reinforcement 
3.5.3.1 Influence of wall thickness 
The previous research showed that the inside concrete wall typically crushed at an 
axial concrete compressive strain of 0.005 in/in for hollow columns with a single layer of 
transverse reinforcement (Hoshikuma and Priestley, 2000). Although the concrete near the 
transverse reinforcement for hollow columns subjected to flexure loading may experience a 
higher axial strain when the inside concrete wall crushes, the results presented for hollow 
columns with a single layer of transverse reinforcement in this study were limited to 0.005 
in/in axial concrete compressive strain when considering the inside concrete wall crushing 
failure. 
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Six different wall thicknesses, corresponding to a wall thickness-to-section diameter 
ratio in a range of 0.1 to 0.2, were analyzed for hollow columns confined with a single layer 
of transverse reinforcement. The same quantity of transverse reinforcement, that 
corresponded to a transverse reinforcement volumetric ratio of 1.13%, was placed near the 
outside concrete wall surface. Additionally, a solid column with the same outer diameter (d 
= 12 in., 304.8 mm) and the same transverse reinforcement volumetric ratio of 1.13%, was 
analyzed for better comparison of the confinement effect in solid and hollow columns. 
Figure 3-12 presents the axial stress-strain relationships. According to Figure 3-12, the 
confinement effect in hollow columns with a single layer of transverse reinforcement is 
lower than the solid column. The axial stress-strain relationship is similar for hollow columns 
with the same quantity of transverse reinforcement. The peak stress and corresponding 
strain increase slightly with the decrease of wall thickness, which implies that one layer of 
transverse reinforcement is more effective to confine the concrete in a thinner wall hollow 
column. 
The tensile strain developed in the confinement reinforcement for each wall 
thickness at the axial concrete compressive strain of 0.005 in/in is shown in Figure 3-13. 
Based on this figure, as the wall thickness increases, the tensile strain developed in the 
confinement reinforcement also increases. The tensile strain experienced by the 
confinement reinforcement in the solid column (i.e., t/d = 1) is significantly greater than 
those in hollow columns. This indicates that the concrete outward dilation increases with 
the increase of wall thickness, which causes the confinement reinforcement to develop 
higher tensile strain at the given axial concrete compressive strain. Therefore, a thicker wall 
would exert more demand on the confinement reinforcement placed near the outside 
concrete wall surface.  
In addition to the axial behavior comparisons, the derived relationships between the 
radial displacements (concrete dilation) and the axial concrete strains were compared and 
the deformed shape for each wall thickness is presented in Table 3-4. As shown in this table, 
the entire concrete wall dilates outward for all the wall thicknesses before the axial concrete 
compressive strain reaches 0.005 in/in. The concrete outward dilation of the outermost 
layer for each wall thickness and also for the solid column are compared in Figure 3-14. This 
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figure shows that the outward dilation of the outermost concrete layer slightly increases 
with the increase of concrete wall thickness, and the concrete outward dilation for the solid 
column is significantly greater than the hollow columns at a given axial concrete 
compressive strain. Therefore, the concrete would push the confinement reinforcement 
further as the wall thickness increases, which confirms the increase of tensile strain that 
develops in the confinement reinforcement for hollow columns with thicker walls.  
3.5.3.2 Influence of confinement reinforcement amount 
To illustrate the effect of reinforcement amount on the confined concrete behavior 
for hollow columns confined with a single layer of transverse reinforcement, a 1.8-in. (45.72 
mm) wall hollow column, which has the same number of concrete layers as the solid column 
over the 1.8-in. (45.72 mm) portion, was selected for the analysis (Figure 3-15). The 1.8-in. 
(45.72 mm) wall hollow column was analyzed with different transverse reinforcement 
amounts as presented in Table 3-3 (c). The axial stress-strain relationship comparison is 
presented in Figure 3-16. According to this figure, the axial concrete stress corresponding to 
the 0.005 in/in axial concrete compressive strain decreases as the confinement 
reinforcement amount decreases. The hollow column with a 30% more confinement 
reinforcement amount (0.044 in.2, 28.39 mm2) is able to achieve a confined concrete stress 
comparable to the solid column. Figure 3-17 shows the radial displacement (i.e., concrete 
dilation) for the hollow columns with different confinement reinforcement amounts as well 
as the solid column. Compared to the solid column, the hollow column experiences a 
greater concrete dilation within the 1.8-in. (45.72 mm) concrete portion. Additionally, as the 
confinement reinforcement amount increases, the concrete dilation of the hollow column 
decreases, which indicates better confinement effect. Based on the discussion presented 
thus far, the confinement reinforcement for different wall thickness is recommended in 
Table 3-5. 
3.6 Conclusions  
Based on the results of the analytical investigation presented in this study about 
confined concrete behavior in hollow bridge column sections, the following conclusions are 
drawn: 
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1. Two layers of confinement reinforcement connected with cross-ties provide the 
most effective confining pressure to the concrete core for hollow concrete columns; 
and 
2. The confined concrete behavior for hollow columns confined with two layers of 
confinement reinforcement and cross-ties improves as the inner-to-outer 
reinforcement amount ratio changes from 5:5 to 1:9. Therefore, the required 
confinement reinforcement amount placed near the inside concrete wall surface 
should be much smaller than that required near the outside concrete wall surface, 
especially for those with thicker walls; and 
3. The confinement effectiveness in hollow columns confined with a single layer of 
reinforcement is smaller than that experienced by the solid columns. This 
confinement effectiveness reduction can be illustrated using the concrete dilation 
and confining pressure as the key parameters; and 
4. Hollow columns experience less outward concrete dilation compared to the solid 
column with the same outer dimension and the same quantity of transverse 
reinforcement under the same axial concrete compressive strain, and 
5. For hollow columns confined with one layer of the same amount of transverse 
reinforcement that was placed near the outside concrete face, the outward concrete 
dilation increases with the increase of wall thickness, but decreases with the 
increase of confinement reinforcement amount; and  
6. As wall thickness increases, the demand for confinement reinforcement placed near 
the outside concrete wall surface is increased for hollow columns with a single layer 
of confinement reinforcement.  
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Table 3-1: Summary of previous experimental studies on hollow reinforced concrete 
columns 
Researchers 
Section 
type 
Wall thickness-
to-section 
diameter/width 
ratio 
Axial 
load 
ratio, 
gross 
Aspect 
ratio 
Longitudinal 
reinforcement 
 ratio, gross 
Transverse 
reinforcement 
amount 
(volumetric ratio, 
gross) 
Confinement 
configurations 
 
Zahn et al. 
(1990) 
Circular 0.14-0.24 
0.05-
0.28 
4.5 2.56% 
10-12 mm dia. 
@ 75-90mm 
(1.13%-1.36%) 
One layer 
Kawashima 
et al. 
(1992) 
Circular 0.18 0 3.1 0.8% and 1.3% 
9 mm dia. 
@ 200 mm 
(0.18%) 
One layer 
Hoshikuma 
and Priestley 
(2000) 
Circular 0.092 0.04 4.3 
0.48% and 
1.06% 
6.35mm dia. 
@ 35 mm 
(0.22%) 
One layer 
Ranzo and 
Priestley 
(2001) 
Circular 
0.097 
0.091 
0.02 
0.05 
2.5 
0.49% 
0.8% 
6 .35mm dia. 
@ 70mm 
(0.12%) 
One layer 
Yeh et al. 
(2002) 
Square 0.2 0.05 
4.3 
3.0 
1.1% 
13mm dia. 
@ 80 mm 
10mm dia. 
@120 mm 
 (0.56%-1.52%) 
Two layers 
with cross-ties 
Mo et al. 
(2003) 
Square 0.2 
0.12 
0.06 
0.07 
4.0 0.7% 
4mm dia. 
@40 mm 
4mm dia. 
@80 mm 
(0.45%-0.9%) 
Two layers 
with cross-ties 
* 1 mm = 0.039 in. 
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Table 3-2: Material models inputs 
Concrete 
Elastic 
Young’s Modulus (ksi) 3800 
Poisson’s Ratio 0.2 
Plasticity 
Dilation Angle (degree) 32 
Eccentricity 0.1 
fb0/fc0 1.16 
k 0.666 
Viscosity Parameter 0 
Compressive Behavior 
Yield Stress (psi) Inelastic Strain (in/in) 
1600 
2450 
3000 
4500 
4490 
4100 
3300 
2700 
2300 
1900 
1500 
400 
0 
0.00011 
0.00022 
0.000823 
0.00134 
0.0039 
0.0089 
0.0145 
0.0195 
0.0245 
0.0295 
0.0495 
Tensile Behavior 
Yield Stress (psi) Plastic Strain (in/in) 
530 
450 
0 
0.008 
 
Reinforcing steel 
Elastic 
Young’s Modulus (ksi) 29000 
Poisson’s Ratio 0.3 
Plastic 
Yield Stress (ksi) Plastic Strain (in/in) 
60 
68 
90 
80 
1 
0 
0.02 
0.08 
0.25 
0.3 
* 1 ksi = 6.89 MPa 
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Table 3-3: Analyses Matrix 
(a) Confinement configurations 
Section 
Solid 2 in. wall thickness 
One layer of 
confinement (1) 
One layer of 
confinement (2) 
Two layers of confinement 
With cross-ties (3a) Without cross-ties (3b) 
Inner layer of lateral 
reinforcement dia. (in.) 
- - 0.177 0.177 
Outer layer of lateral 
reinforcement dia. (in.) 
0.177 
0.125 
0.177 0.177 0.177 
Cross-ties dia. (in.) - - 0.177 - 
Transverse reinforcement 
volumetric ratio, gross (net 
concrete area) 
0.41% 
0.82% 
0.82% (1.48%) 1.37%* (2.46%) 1.37% (2.46%) 
Lateral reinforcement 
configuration 
 
* exclude the area of cross-ties 
 
(b) Wall thickness 
Lateral reinforcement 
configuration 
d' (in.) d (in.) t (in.) t/d 
Lateral 
reinforcement bar 
area, in.2 (mm2) 
Lateral reinforcement 
volumetric ratio (%), gross 
(net) 
Same lateral 
reinforcement amount 
 
9.6 12 1.2 0.1 0.034 (22.22) 1.13 (3.15) 
9 12 1.5 0.125 0.034 (22.22) 1.13 (2.59) 
8.4 12 1.8 0.15 0.034 (22.22) 1.13 (2.22) 
8 12 2 0.167 0.034 (22.22) 1.13 (2.04) 
7.8 12 2.1 0.175 0.034 (22.22) 1.13 (1.96) 
7.2 12 2.4 0.2 0.034 (22.22) 1.13 (1.77) 
 
  
1 2 3a 3b 
2 
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Table 3-3 continued 
(c) Confinement reinforcement amount 
Lateral reinforcement 
configuration 
d' (in.) d (in.) t (in.) t/d 
Lateral 
reinforcement bar 
area, in.2 (mm2)  
Lateral reinforcement 
volumetric ratio (%), gross 
(net) 
 
8.4 12 1.8 0.15 0.017 (10.97) 0.567 (1.11) 
8.4 12 1.8 0.15 0.024 (15.48) 0.8 (1.57) 
8.4 12 1.8 0.15 0.034 (22.22) 1.11 (2.22) 
8.4 12 1.8 0.15 0.044 (28.39) 1.47 (2.88) 
 
(d) Proportion of inner to outer confinement amount 
Lateral reinforcement 
configuration 
Proportion of outer lateral 
reinforcement to inner lateral 
reinforcement amount 
Outer lateral reinforcement 
bar area, in.2 (mm2) 
Inner lateral reinforcement 
bar area, in.2 (mm2) 
 
5:5 0.0246 (15.87) 0.0246 (15.87) 
6:4 0.03 (19.05) 0.02 (12.7) 
7:3 0.034 (22.22) 0.015 (9.52) 
8:2 0.039 (25.39) 0.0098 (6.35) 
9:1 0.044 (28.57) 0.0049 (3.17) 
10:0 0.049 (31.74) 0 (0) 
* d' is the inner diameter of hollow sections, d is the outer diameter of hollow sections and t 
represents the wall thickness 
* 1 in. = 25.4 mm 
  
2 
3b 
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Table 3-4: Deformed shape of hollow sections having one layer of same amount of 
confinement reinforcement placed near the outside concrete wall  
Wall thickness (in.) Deformed shape of circular sections 
1.2 
 
1.5 
 
2 
 
2.4 
 
* 1 in. = 25.4 mm 
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Table 3-5: Recommendations of confinement reinforcement for different wall 
thickness hollow sections 
Section 
type 
Wall thickness-to-section 
diameter ratio (t/d) 
One layer of 
reinforcement 
Two layers of reinforcement 
with cross-ties 
Hollow 0.1   
Hollow 0.125   
Hollow 0.15  
 
The best ratio 1:9 
Hollow 0.1667  
 
The best ratio 1:9 
Hollow 0.175  
 
The best ratio 1:9 
Hollow 0.2  
 
The best ratio 1:9 
Solid    
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 (a) Uniaxial compression behavior of 
concrete 
 
(b) Uniaxial tension behavior of 
concrete 
Figure 3-1: The input concrete material model in ABAQUS 
 
 
 
Figure 3-2: The boundary and loading conditions of a modeled 2 in. wall hollow section 
under concentric axial load 
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(a) 0.177 in. diameter circular hoop 
(D = 0.82%) 
 
(b) 0.125 in. diameter circular hoop 
(D = 0.41%) 
Figure 3-3: Comparisons of the derived analytical axial stress vs. strain relationship of 
concrete and the Mander’s model prediction for two examples 
  
(a) In the uniaxial direction 
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(b) In the transverse direction 
Figure 3-4: The derived concrete behavior for a solid concrete section with confinement 
reinforcement ratio of 0.82% (a) uniaxial direction and (b) transverse direction 
 
 
(a) Radial displacement contour for selected elements  
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(b) The relationship between the effective concrete dilation and axial concrete strain 
Figure 3-5: Concrete dilation for solid section with confinement reinforcement ratio of 
0.82% 
 
Figure 3-6: Lateral force vs. lateral displacement response comparisons among FEM, 
moment curvature analysis and measured experimental results 
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(a) FEM1 
 
(a) Experimental2 
1: The predicted damage region is located 304.8 mm [12 in.] to 609.6 mm [24 in.] from the 
column base 
2: N300 represents 300 mm [11.8 in.] measured from the column base. 
Figure 3-7: Inside concrete face crushing (a) FEM, (b) Experimental 
Concrete 
compressive 
strain: E33 
Concrete 
compressive 
stress: S33 304.8 
mm 
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Figure 3-8: Concrete behavior comparisons in uniaxial direction among three different 
confinement configurations for 2 in. (50.8 mm) wall thickness 
 
 
(a) One layer of transverse reinforcement 
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(b) Two layers of transverse reinforcement without cross-ties 
 
 
 
 
(c) Two layers of transverse reinforcement with cross-ties 
Figure 3-9: Radial concrete stress with respect to each concrete layer for 2 in. (50.8 mm) wall 
hollow sections at axial strain in a range of 0.004 to 0.014 
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(a) t/d = 0.1 
 
(b) t/d = 0.125 
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(c) t/d = 0.167 
 
(d) t/d = 0.2 
Figure 3-10: Axial stress vs. axial strain behavior comparisons for different wall thicknesses 
with different ratios of inner to outer confinement amount 
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Figure 3-11: Average radial concrete stress comparison for the 2 in. (50.8 mm) wall hollow 
columns with the three confinement configurations  
  
Figure 3-12: Concrete behavior comparisons in uniaxial direction with different wall 
thicknesses under the given transverse reinforcement amount (1 in. = 25.4 mm) 
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Figure 3-13: Tensile strain of confinement reinforcement for each wall thickness and the solid 
section at 0.005 in/in axial concrete compressive strain 
  
Figure 3-14: Concrete outward dilation of the outermost layer for hollow sections with one 
layer of same amount of confinement reinforcement (1 in. = 25.4 mm) 
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Figure 3-15: The selected 1.8 in. (45.7 mm) wall hollow section to study the effect of 
confinement reinforcement amount on the confined concrete behavior 
 
 
Figure 3-16: Confined concrete behavior comparisons in uniaxial direction for hollow sections 
with different confinement reinforcement amount 
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Figure 3-17: Concrete dilation comparisons for hollow sections with different confinement 
reinforcement amount at 0.005 in/in axial concrete compressive strain 
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 MODELING CONFINEMENT IN HOLLOW COLUMNS WITH A 
SINGLE LAYER OF REINFORCEMENT 
A paper to be submitted to the American Society of Civil Engineers Journal of Structural 
Engineering or similar journal 
Xiao Liang, 1 Ryan Beck, 2 and Sri Sritharan 3 
1Ph.D. Candidate, Iowa State University, Ames, IA 50010 
2Previous research assistant, Iowa State University, Ames, IA 50010 
3Wilson Engineering Professor, Iowa State University, Ames, IA 50010 
4.1 Abstract 
Hollow concrete columns can be designed with a single layer of transverse 
reinforcement to withstand the lateral load generated by earthquake excitations. The confining 
effect provided by the single layer of transverse reinforcement in hollow sections is different 
from a solid section with the same transverse reinforcement. Therefore, the confined concrete 
models that were initially developed and validated based on solid concrete sections are not 
directly applicable for hollow concrete sections. By examining the effective lateral confining 
stress experienced by the concrete in both hollow and solid concrete sections through a 
detailed finite element analysis (FEA), this paper presents a method to suitably modify a 
frequently-used confined concrete model to quantify the confining effect in hollow sections 
with a single layer of transverse reinforcement. Small-scale solid and hollow circular concrete 
columns were tested, and were subjected to a combination of axial and lateral loads. The 
modified confined concrete model was validated through experimental and analytical 
comparisons, and satisfactory agreement was found. 
Keywords: Seismic; bridge; hollow; concrete; column; confinement; analysis; testing  
4.2 Introduction 
A recent study by Liang and Sritharan (2015) shows that both the concrete dilation and 
lateral confining stress distribution for hollow sections are very different from solid sections, 
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based on a detailed finite element analysis (FEA). A solid section can only dilate outward and 
the dilation of each concrete element is affected by its adjacent elements and the transverse 
reinforcement quantity. This effect provides a positive lateral confining pressure that decreases 
along the line from the section center to the outside concrete wall surface. However, hollow 
sections have a free inside concrete wall, which does not experience any radial confinement if a 
single layer of reinforcement is placed near the outside concrete wall surface. Therefore, the 
concrete element can dilate both inward and outward, causing the concrete in a hollow section 
with a single layer of reinforcement to not be confined as well as in a solid section.  This study 
concluded that the confined concrete models that were initially developed and verified based 
on solid sections are not directly applicable to hollow sections. 
Although hollow sections are preferred for tall bridge columns or piers due to their 
highly effective section properties, especially in seismic regions, they have not been widely 
used because of a limited understanding of the confining effect provided by the transverse 
reinforcement. While hollow concrete columns can be designed either with two layers of 
transverse reinforcement and cross-ties or a single layer of transverse reinforcement, the latter 
choice is preferred if the ductility requirement is not high. This is because placing two layers of 
reinforcement and cross-ties results in significant labor and construction costs, which may 
greatly reduce the advantages of using hollow sections for bridge columns from the economic 
point of view. Therefore, the current study concentrates on the structural behavior of hollow 
concrete columns confined with a single layer of transverse reinforcement placed near the 
outside concrete wall surface. 
In current seismic design philosophy, bridge structures are required to be designed to 
behave in a ductile manner in the event of a moderate or severe earthquake, so that they can 
undergo large inelastic deformation without significant degradation of flexural strength. The 
ductility of bridge structures is normally provided by the plastic hinge regions, where adequate 
transverse reinforcement is required to confine the concrete core effectively, so that higher 
concrete compressive stresses, and more importantly, higher concrete compressive strains can 
be sustained. In the seismic design and analysis of reinforced concrete columns, a theoretical 
moment-curvature analysis is typically required to assess the column ductility capacity, where 
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the curvature corresponding to a range of moments for a cross section is derived based on the 
principles of strain compatibility and force equilibrium. The input material behavior for 
confined concrete plays an essential role in the moment-curvature analysis, because it 
determines the accuracy of the flexural strength and ductility estimations. 
In reviewing the current state-of-the-art, there is limited information available to model 
the confining effect in hollow concrete columns. In order to facilitate the use of hollow columns 
in current bridge construction, especially for tall bridges in seismic regions, this paper presents 
a method to model the confining effect in hollow concrete columns with a single layer of 
transverse reinforcement. Based on the results presented in the study by Liang and Sritharan 
(2015), the confinement effect in hollow columns with a single layer of reinforcement is not as 
well as in a solid column. In consideration of this confinement effectiveness reduction, suitable 
modifications were introduced to an existing widely-used confined concrete model (i.e., 
Mander’s model) based on a detailed FEA. The force-displacement responses predicted using 
the modified confined concrete model which is applicable for hollow columns confined a single 
layer of reinforcement, were compared to both previous research and the experimental 
responses obtained in this study, which indicated acceptable accuracy of the proposed 
modeling method. The research presented here will advance the seismic design and analysis of 
hollow concrete columns designed with a single layer of reinforcement. 
4.3 Confined Concrete Models 
Over the past decades, several confined concrete models have been formulated based 
on studies of the confining effect provided by the transverse reinforcement in solid concrete 
sections. Although the proposed confined concrete models are different in numerical 
expressions (Table 4-1), the confining effect provided by the transverse reinforcement in solid 
sections is generally well-understood. Compared to circular sections, a lot more study has been 
devoted to investigate the confining effect in square or rectangular sections. This is because 
there are more variations on the reinforcement arrangement and the resulting longitudinal 
reinforcement distribution for square or rectangular sections. However, none of these existing 
confined concrete models has been extended and validated to hollow concrete sections.  
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Among the confined concrete models, the model proposed by Mander et al. (1988) is 
one of the most widely accepted and used confined concrete models in the seismic design and 
analysis of reinforced concrete columns. The Caltrans Seismic Design Criteria (2013) and the 
AASHTO LRFD Seismic Bridge Design Specifications (2011; 2012; 2014) have endorsed this 
model for bridge design practice. Mander’s model has been shown to be able to provide 
satisfactory response predictions for bridge columns under flexural loading. Due to the 
widespread use of Mander’s model, it has been given emphasis in the current study as there 
are no significant advantages seen in using other confined concrete models. 
4.4 Confinement Stress 
The confined concrete model proposed by Mander et al. shows that the compressive 
strength of confined concrete is positively proportional to the effective lateral confining stress 
provided by the transverse reinforcement. The effective lateral confining stress can be 
calculated from the equilibrium between the force in the transverse reinforcement and the 
force generated by the dilatational pressure from confined concrete due to the Poisson’s effect. 
To understand the confining effect in hollow sections with a single layer of transverse 
reinforcement, similar equilibrium conditions are developed for hollow sections.  
4.4.1 Solid section 
Figure 4-1 shows the confinement of concrete for a solid section subjected to an axial 
compression load. Figure 4-1 (a) presents the cross section of a solid column; Figure 4-1(b) 
shows the forces acting on one-half spiral or circular hoop, where rf  is the dilatational 
pressure coming from the confined concrete due to the Poisson’s effect, sf  is the resulting 
tensile stress developed in the transverse reinforcement and sA is the cross-sectional area of 
the transverse reinforcement; Figure 4-1 (c) shows the forces acting on one-half of the confined 
concrete core, where crf  is the confining pressure in the circumferential direction and rf  is 
the passive confining pressure applied by the transverse reinforcement. 
Based on the free body diagrams for the confinement reinforcement shown in Figure 
4-1(b), equilibrium requires that 
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sDfAf rss ⋅⋅=2  (1) 
sD
Af
f ssr
⋅
=
2
 (2) 
where s  is the longitudinal spacing of the hoop or spiral. 
Similarly, based on the equilibrium equation for the confined concrete core: 
sDfsDf crr ⋅⋅=⋅⋅  (3) 
Therefore, 
rcr ff =  (4) 
From Equations (2) and (4),  
sD
Af
ff ssrcr
⋅
==
2
 (5) 
Therefore, the concrete element in a solid section is in a triaxially confined state, which 
is confined by the axial stress, the circumferential stress ( crf ), and the radial stress ( rf ). Also, 
the circumferential stress ( crf ) is equal to the radial stress ( rf ). 
Mander’s model defines the volumetric ratio of transverse reinforcement to the 
confined concrete as sρ , as shown in Equation (6). 
sD
A
s
D
AD ss
s
⋅
=
⋅
⋅
⋅⋅
=
4
4
2pi
piρ  (6) 
From Equations (5) and (6),  
ssrcr fff ρ
2
1
==
 (7) 
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Therefore, the radial stress and circumferential stress can be calculated using the 
volumetric ratio of confinement reinforcement to confined concrete, as illustrated in Equation 
(7). In Mander’s model, the maximum effective lateral pressure lf  that can be induced in the 
concrete occurs when the confinement reinforcement is stressed to the yield strength yf .  
From Equation (7), 
syl ff ρ
2
1
=  (8) 
A confinement effectiveness coefficient, ek , is introduced to Equation (8) to relate the 
minimum area of the effectively confined core to the nominal core area bounded by the 
centerline of the transverse reinforcement, which results in the effective lateral confining 
stress, lf
' , as shown in Equation (9).  
syel fkf ρ
2
1'
=  (9) 
This confinement effectiveness coefficient ek  is typically taken as 0.95 for circular 
sections and 0.75 for rectangular sections. 
4.4.2 Hollow section with a single layer of reinforcement 
Similar to those shown for solid sections, the free body diagrams for hollow concrete 
sections confined with a single layer of transverse reinforcement subjected to an axial 
compression load are presented in Figure 4-2.  Figure 4-2 (a) presents the cross section of a 
hollow concrete column confined with a single layer of transverse reinforcement, Figure 4-2 (b) 
shows the forces acting on one-half of the spiral or circular hoop, and Figure 4-2 (c) shows the 
forces acting on one-half of the confined concrete. 
Based on the free body diagrams of the confinement reinforcement shown in Figure 4-2 
(b), the equilibrium equations for hollow sections are the same as for solid sections. According 
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to the equilibrium equations written for the confined concrete, the following equations will be 
obtained. 
stfsDf crr ⋅⋅=⋅⋅ 2  (10) 
st
Af
sDD
Af
f sssscr
⋅
=
⋅−
=
)'(
2
 (11) 
Compared to the solid section, the circumferential stress experienced by the concrete in a 
hollow section ( crf ) is greater under the same amount of confinement reinforcement that is 
stressed to the same stress level.  This is due to the reduced concrete area which resists the 
forces generated by the confinement reinforcement.  However, the radial stress is reduced 
since the inside concrete wall surface does not have any confinement reinforcement. 
Therefore, the concrete element located near the inside concrete wall is essentially in a 
biaxially confined state with a higher magnitude of circumferential stress, instead of a triaxially 
confined state. According to the finite element (FE) results presented in the recent study by 
Liang and Sritharan (2015) as well as in the previous study by Lignola et al. (2008), the 
transverse reinforcement for hollow sections is not strained as much as the solid sections due 
to the hollow section experiencing less concrete dilation.  This indicates that under the same 
axial concrete strain, the confinement reinforcement applies smaller radial stress to the 
concrete in hollow sections than in solid sections.  Therefore, for hollow sections with a single 
layer of confinement reinforcement, the inside concrete wall is in a biaxially confined state and 
the outside concrete wall is in a triaxially confined state with a smaller radial stress.  
4.5 Analytical Investigation  
Following the same analysis approach presented in a recent study by Liang and Sritharan 
(2015), a series of analyses were performed on small-scale circular hollow columns with a single 
layer of transverse reinforcement placed near the outside concrete wall surface. This was done 
to examine areas where improvements could be made to make Mander’s model applicable for 
hollow sections. The analysis matrix is shown in Table 4-2. All the modeled hollow columns 
have an outer diameter of 304.8 mm and the inner diameter was calculated based on a series 
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of preselected t/D ratios in a range of 0.1 to 0.2. The height of the modeled columns is 1219.2 
mm, which resulted in an aspect ratio of 1:4. The primary parameters that were investigated in 
this study are the wall thickness and transverse reinforcement amount. For each wall thickness, 
four different transverse reinforcement amounts were analyzed with the same longitudinal 
reinforcement. The longitudinal reinforcement consisted of 20 #2 bars [i.e., 0.25 in. (6.35 mm) 
bar diameter], which led to a longitudinal reinforcement volumetric ratio of 0.88%. The four 
analyzed transverse reinforcement amounts cause the volumetric ratio to be in a range of 
0.41% to 1.13%. For better comparison, solid columns were also included in the analysis. 
The columns were subjected to concentric axial compression. The average radial and 
circumferential stress, derived from the FEA and calculated based on the equilibrium equations 
discussed in the previous section, are presented in Table 4-3 for the four different confinement 
volumetric ratios. As the wall thickness increases, the average radial stress across the wall 
thickness experienced by the concrete in hollow sections also increases. According to Table 4-3, 
the average radial stress experienced by the concrete in a hollow section is smaller than that 
experienced by a solid section with the same transverse reinforcement and outer diameter. 
This observation indicates that a single layer of confinement reinforcement is not as effective in 
confining the concrete for circular hollow sections as it is for solid sections. Therefore, a 
modification factor, expressed as hk , was introduced to the radial stress experienced by the 
concrete in solid sections (i.e., lf ), in an effort to account for the reduction of radial stress in 
hollow sections. The modification hk  was defined as the ratio between the radial stress 
experienced by the concrete in a hollow section and the radial stress experienced by the 
concrete in a solid section with the same transverse reinforcement. Figure 4-3 plots the 
modification hk  as a function of the volumetric ratio of transverse reinforcement ( sρ ) and wall 
thickness ratio ( Dt / ), based on the results obtained from the FEA. According to this figure, hk  
decreases as the volumetric ratio of transverse reinforcement increases, while it increases with 
the increase of the wall thickness ratio. Therefore, the confinement effectiveness reduction for 
hollow sections is more significant for a higher volumetric ratio of transverse reinforcement and 
a thinner wall thickness. After examining the relationship between the modification hk  and the 
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wall thickness ratio ( Dt / ), it was found that a linear relationship as shown in Equation (12) 
could accurately represent this behavior.  
45.0+=
D
t
kh  (12) 
As described in the previous section, the circumferential stress is significantly higher for 
hollow sections compared to solid sections due to the reduced concrete area to resist the force 
generated by the confinement reinforcement. Based on the equilibrium equations, a 
modification of tD 2/  was applied to the circumferential stress for solid sections (i.e., lf ), to 
account for the increase of circumferential stress in hollow sections.  Using linear regression 
analysis, it was found that a weight of 0.9 applied to the radial stress and a weight of 0.1 
applied to the circumferential stress for the model proposed by Mander et al. gave the best 
comparisons to the confined concrete strength in hollow sections derived from the FEA.  Figure 
4-4 shows this comparison for the four different volumetric ratios of transverse reinforcement.  
In Figure 4-4, the solid lines represent the ratio between the confined concrete strength to the 
unconfined concrete strength of hollow concrete sections obtained from the FEA, and the 
dashed lines represent the results derived from the Mander’s model with the proposed 
modification factors. It can be seen from this figure that the modified Mander’s model provides 
an accurate estimate of the confined concrete strength in hollow sections. 
A recent study by Liang et al. (2015) proposed an alternative confined concrete 
modeling method for hollow columns with a single layer of transverse reinforcement. In this 
method, the wall thickness of the hollow section was divided into two equal layers: an 
unconfined inner layer and a confined outer layer. The inner layer was assumed to be 
unconfined because the radial stress is zero at the free surface and the circumferential stress 
was ignored. The outer layer near the transverse reinforcement was considered to be confined 
and incorporated a reduction in the calculated lateral confining pressure used by Mander’s 
model, due to the reduced concrete outward dilation experienced by hollow columns. After 
further review of the previously proposed method, it was deemed overly conservative to ignore 
the increase in circumferential stress in hollow columns and to assume that the concrete near 
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the inside face was completely unconfined. The method proposed in the current research more 
accurately reflects the lateral stresses found in the finite element analysis. The details and 
validation of this modeling method can be found in Liang et al. (2015). 
Based on the discussion presented thus far, the modified confined concrete model that 
is applicable for hollow sections confined with a single layer of reinforcement is summarized 
below: 
lhhollowr fkf =,  (13) 
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4.6 Experimental Investigation  
Small-scale solid and hollow concrete columns were tested to determine the accuracy of 
the proposed modeling method and to compare the behavior of hollow columns with a single 
layer of transverse reinforcement to that of similar solid columns. The test columns had an 
outside diameter of 304.8 mm and an overall length of 1.22 m, which led to an aspect ratio of 
1:4. The test columns were subjected to constant axial load with monotonic or cyclic lateral 
force until failure. 
 124 
 
4.6.1 Test columns 
The test columns consisted of two solid columns and three hollow columns, with the 
axial load ratio and loading type as the main variables. The hollow columns had a wall thickness 
of 50.8 mm that corresponds to a wall thickness ratio of 0.167 ( Dt / =0.167). The solid columns 
had the same dimensions and reinforcement as the hollow columns (Figure 4-5). The 
longitudinal reinforcement consisted of 20 #2 bars (6.35 mm diameter) and the transverse 
reinforcement consisted of a continuous spiral of 5.28 mm diameter smooth wire, spaced at 
30.48 mm in the critical region. A minimal concrete cover was provided, which was 
approximately 8.89 mm measured to the center of the longitudinal reinforcement.  
The reinforcement ratios to the gross section (as if the columns were solid) were 0.87% 
for longitudinal reinforcement and 0.97% for transverse reinforcement. Using the net section 
for the hollow columns, the longitudinal and transverse reinforcement ratios were 1.56% and 
1.8%, respectively. The longitudinal reinforcement ratio to the gross section is on the lower side 
for bridge columns, but is greater than the minimum value of 0.5% recommended for circular 
columns by Priestley et al. (1996).  
The test units were given a naming system for easy referral, with the first letter in the 
system, S or H, defining whether the column was solid or hollow. If the column was hollow, the 
number immediately following the first letter represented the wall thickness in inch. The next 
letter, C, indicated that it was a circular cross-sectional shape, followed by a number 
representing a specific column in that group. Finally, a dash was included that was followed by 
either M or C, representing whether the column was tested cyclically or monotonically. For 
example, the third tested hollow column was subjected to cyclic loading and was labeled as 
H2C3-C.  
4.6.2 Materials  
The concrete and steel material properties are listed in Table 4-4 and   
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Table 4-5, respectively. The concrete strength was measured on the day of testing for 
each test unit. Due to the limited availability of the small-sized reinforcing steel, it was found 
that the reinforcement used in this study had larger yield strengths and significantly lower 
ultimate strains than typical reinforcing steel. The ultimate tensile strain was expected to be 
much larger than what the tested samples indicated, and thus the reduced ductility of the 
longitudinal reinforcement impacted the ductility of the test columns. 
4.6.3 Test setup and loading sequence 
The columns were tested horizontally with a combination of axial and flexural loads. The 
axial load was applied using threaded rods tied to loading beams on each end and was 
controlled by a hydraulic actuator. The lateral load was applied using manually-controlled 
hydraulic actuators located above and below the test column. One actuator was used for 
columns subjected to monotonic loading, while both actuators were used in an alternating 
pattern for columns subjected to cyclic loading. The lateral load was applied to the test columns 
through a loading beam, which then applied the load to two curved plates shaped to fit the 
circular columns. The plates were spaced at 279.4 mm apart and applied the load such that the 
central region between the plates would experience constant moment without the influence of 
shear. The testing equipment and layout can be seen in Figure 4-6 and Figure 4-7. 
Each test column was instrumented with load cells, displacement transducers, LED 
markers, and strain gauges to monitor the displacements and applied loads as well as the 
resulting strains of the longitudinal and transverse reinforcement. 
Axial loads of either 100.5 kN or 201 kN were applied to the columns, corresponding to 
axial load ratios of 3% and 6% to the gross cross-sectional area, respectively. The axial load was 
held constant for all column units except for column SC1-M, which was increased to 178 kN by 
the end of the testing due to the increased length of the column tension face caused by 
bending.  
Table 4-6 summarizes the test matrix. The loading was paused at various load points 
during the monotonic testing to observe cracks, and was also paused at the peak of cycles to 
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mark cracks. The columns were subjected to force control in the elastic range and then 
switched to displacement control in the inelastic range.  
4.6.4 Test results 
Both the solid and hollow columns failed due to rupture of longitudinal reinforcement. 
The test columns experienced a low ductility, typically at displacement ductility of 1.5 to 3, 
because of the low ultimate strain of the longitudinal reinforcement. Cameras positioned on 
the inside of the hollow columns showed that there was no visible compressive crushing of 
concrete at the inside face prior to failure for all the hollow columns. At beginning stage of 
loading, typically before the longitudinal reinforcement reached the yield strain, minor shear 
cracks appeared in the linear moment region and flexural widening of the shrinkage cracks 
occurred in the constant moment region. As loading continued, the length and amount of shear 
cracks increased, and the flexural cracks widened. Figure 4-8 shows the outside crack pattern of 
column H2C1-M prior to failure. 
To determine the differences between similar hollow and solid columns, the force-
displacement response of column SC2-C was compared to that of column H2C3-C. Both 
columns were subjected to cyclic lateral loading and a constant axial load of 201 kN. The 
comparison is presented in Figure 4-9. As shown, the response was fairly similar for both 
columns, although the hollow columns experienced a slightly lower lateral load capacity in the 
negative loading direction, as well as a larger displacement.  
In general, the hollow columns had similar lateral load capacity to the solid columns, 
although slightly reduced in most cases. However, the hollow columns typically experienced 
much greater displacement at similar lateral loads. The researchers believed that this additional 
displacement is primarily caused by increased shear deformation experienced by the hollow 
columns. It is unclear how the additional shear deformation is related to the wall thickness of 
the hollow columns, but it was found that hollow columns with thinner walls experienced larger 
deformations at the same lateral load.  
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The responses of columns H2C1-M and H2C2-C, which had the same dimensions and 
axial load, are compared in Figure 4-10, to illustrate the effect of cyclic loading on the behavior 
of hollow columns. Since the ductility of the longitudinal reinforcement is extremely low, there 
is not any obvious difference between the responses of the columns.  
The effect of axial load on the behavior of hollow columns is illustrated in Figure 4-11. 
Column H2C2-C was subjected to 101.5 kN of axial load, while column H2C3-C was subjected to 
201 kN of axial load. As the figure shows, column H2C3-C experiences a greater lateral load 
capacity and increased stiffness due to the higher applied axial load. Additionally, it experiences 
a greater ultimate displacement. This observation seemed to contradict the findings of previous 
research, in which hollow columns with a higher axial load experienced less ductility. This is 
most likely because the ultimate strain of hollow columns tested in this study is significantly 
smaller than typical reinforcement.  
4.7 Analytical Results and Discussion 
The accuracy of the proposed modeling method is discussed in this section by 
comparing it to previous research and to the experimental results found in this study.  
4.7.1 Compared to hollow columns HF1and HF2 
Hoshikuma and Priestley (2000) tested two full-scale hollow columns with one layer of 
transverse reinforcement subjected to constant axial load and cyclic lateral loading. The 
columns were 1524 mm in diameter, with a wall thickness of 139.5 mm, corresponding to a wall 
thickness ratio of 0.092. The columns were identical except for having a different amount of 
longitudinal reinforcement, with the column labeled HF1 having 34 bundles of two #4 bars and 
the column labeled HF2 having 34 bundles of two #6 bars. These amounts of longitudinal 
reinforcement in columns HF1 and HF2 corresponded to longitudinal reinforcement ratios to 
the gross section of 0.48 and 1.06%, respectively, or 1.45 and 3.18% if taken to the net concrete 
section. The transverse reinforcement consisted of a 6.35 mm diameter smooth wire spaced at 
35 mm in the critical region. The column height was 3480 mm, with an additional loading steel 
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tube connected to the top of the column to extend the total length to 6528 mm. The 
dimensions of the test columns can be seen in Figure 4-12. 
The dimensions and material properties of the test columns were used with the 
proposed modeling method to analyze the behavior of these two columns. Figure 4-13 shows 
the comparison of the analytical results with the experimental results for the force-
displacement relationships of columns HF1 and HF2. The experimental results are represented 
by the solid curves and the analytical results derived from the proposed modeling method are 
represented by the dash line curves. As shown, the analytical response matches the 
experimental response very closely, but provides a conservative estimate of the failure point 
for the test columns. The analytical response accurately predicts that the columns will fail due 
to the inside concrete face concrete wall crushing at a compressive strain of 0.005.  
The figure also provides an estimate for the displacement at which the confined 
concrete crushes, which is typically associated with fracture of transverse reinforcement, and 
this point is labeled “Ecu”. This estimate is based on an equation proposed by Priestley et al. 
(1996) to estimate the point at which confined concrete in solid columns crushes (Equation 19).  
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This equation is derived by equating the strain energy capacity of the transverse 
reinforcement to the strain energy absorbed by the concrete due to the confinement 
reinforcement. Priestley et al. (1996) stated that this equation tends to be conservative by at 
least 50% for sections subjected to combined axial and flexural loads, so the 50% increase of 
this estimate has also been plotted in Figure 4-13, and is labeled “Ecu + 50%”. As previously 
stated, the transverse reinforcement experiences less demand in hollow columns with one 
layer of transverse reinforcement, so this estimate does not hold valid for these sections and 
tends to be very conservative. However, these estimates have been included in the figure for 
illustrative purposes, and are ignored when considering the predicted failure mode for these 
columns.  
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The testing by Hoshikuma and Priestley (2000) found that the transverse reinforcement 
reached less than half of the yield strain, when the inside concrete wall surface of the test 
columns experienced failure. This verifies that the transverse reinforcement experiences 
reduced demand, since the estimates of confined concrete crushing and associated transverse 
reinforcement failure occur close to or before the predicted point of inside concrete face 
crushing in Figure 4-13. 
4.7.2 Compared to hollow test column 
In order to further determine the accuracy of the proposed modeling method, the 
experimental response of hollow column H2C2-C was compared to the analytical response. As 
previously mentioned, the hollow columns experienced higher shear displacements than the 
solid columns. Since the analysis used in this study (i.e., OpenSees analysis) accounted for the 
flexural component only, the shear component had to be subtracted from the measured data in 
order to compare the flexural results of the experiment and analysis. The shear component was 
estimated based on the method proposed by Sritharan (1998) by placing a grid of four LEDs in 
the linear moment region of the test column unit. The comparison between the measured 
response and the analytical response with the shear component subtracted can be seen in 
Figure 4-14 for column H2C2-C. 
After subtracting the shear component of the displacement from the experimental data, 
the flexural component of the column response was compared to the analytical response, and 
satisfactory agreement was found. The comparison between the analytical response and the 
experimental response with the shear component subtracted for column H2C2-C is shown in 
Figure 4-15. The analysis accurately predicts that the test column fails due to the fracture of 
longitudinal reinforcement at a strain in the tension steel of 0.02.  
To further verify the accuracy of the analysis, the analytical reinforcement strains were 
compared to the strains measured by the instrumentation on the test column. Sets of LED 
markers placed on the outside concrete wall surface of the test column were used to determine 
the coordinates of target locations during the loading process. These coordinates were used to 
calculate displacements between LED markers, which could then be used to determine the 
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strains on the outside concrete wall surface of the test column. In Figure 4-16, sets of LED 
markers on the test column surface near the tension (i.e., LED markers 5, 6, and 7) and 
compression (i.e., LED markers 18, 19, and 20) faces were used to calculate the strains at these 
locations, which were compared to the strains in the extreme tension and compression 
reinforcement found from the analysis. Figure 4-16 shows the comparison. In this figure, 
Strain57 represents the strain calculated based on readings of LED markers 5, 6, 7, while 
Strain1820 represent the strain calculated based on readings of LED markers 18, 19, 20. It can 
be seen from the Figure 4-16 that the strains are very comparable between the analysis and the 
experiment. 
The comparison between the analytical and experimental responses of the test column 
has demonstrated that the analysis is capable of modeling the response of hollow column 
accurately. However, the test hollow column experienced early failure due to the extremely low 
ultimate strain of the longitudinal reinforcement. Despite the early failure, the comparison is 
still able to demonstrate that the analysis is accurate up to the failure point. 
4.7.3 Hollow ideal column 
An additional analysis was performed using the same geometry and reinforcement as 
was used for the test hollow column, except using material properties that are more commonly 
used in bridge columns. The intent of this analysis was to study what the behavior of the test 
hollow column might have been like with more realistic material properties and to investigate 
what would control the failure and how ductile the test hollow column might have been. The 
material properties used were 31 MPa for the concrete strength, 414 MPa for the yield strength 
of reinforcement, and the ultimate strength of reinforcement was 620.5 MPa with an ultimate 
strain of 0.08. 
The ideal hollow column was analyzed with a constant axial load of 100.5 kN and the 
lateral load was applied monotonically. A solid column was also analyzed and was subjected to 
the same loading conditions for comparison to the hollow column. The results of the analysis 
can be seen in Figure 4-17. When the analytical response of the ideal hollow column in Figure 
4-17 is compared to the analytical response of column H2C2-C in Figure 4-15, it can be seen 
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that the ideal analysis predicts that the ideal hollow column would reach a much higher 
displacement than the experimental hollow column did, due to the increased ductility of the 
longitudinal reinforcement. The ideal hollow column was also predicted to experience a slightly 
reduced load capacity due to the lower longitudinal reinforcement strength.  
The responses of the ideal solid and hollow columns are almost identical, as shown in 
Figure 4-17, and they are both predicted to fail due to fracture of longitudinal reinforcement at 
approximately the same displacement. The failure point due to the inside concrete wall 
crushing is also shown for the hollow column to illustrate where the inside face failure might 
have occurred if the longitudinal reinforcement did not fail. However, the column would 
realistically fail and experience a great loss in capacity once the longitudinal reinforcement had 
fractured. The predictions of failure due to confined concrete crushing associated with fracture 
of the transverse reinforcement (“Ecu” and “Ecu + 50%”) have been ignored for the 
consideration of the ultimate displacement due to this estimate being overly conservative for 
hollow columns, as discussed previously. However, these estimates have been included for 
illustrative purposes and would be more accurate for the solid ideal column. 
The analysis comparison of the ideal hollow column to the ideal solid column shows that 
hollow columns with a single layer of transverse reinforcement can achieve comparable 
ductility as solid columns, if designed with appropriate low axial loads and low moment 
demand. However, the current experimental investigation was unable to fully verify that the 
model accurately predicts the failure of the hollow columns due to the inside concrete wall 
crushing, because of the experimental hollow columns experiencing early failure due to fracture 
of the longitudinal reinforcement. Despite this, comparisons to the two columns tested by 
Hoshikuma and Priestley (2000) have shown that the proposed modeling method is able to 
provide a conservative estimate of the inside concrete wall failure.  
4.8 Conclusions  
A method to model the confinement effect in hollow concrete columns with a single 
layer of transverse reinforcement has been proposed in this paper based on a detailed finite 
element analysis. Suitable modification factors are introduced to a widely accepted and used 
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confined concrete model that was developed and validated based on solid concrete sections. 
The modified confined concrete model that is applicable for hollow concrete sections with a 
single layer of confinement reinforcement is verified by comparison to the experimental results 
of previous research and current study.  
The comparison to previous research has shown that the model can predict the 
response of the hollow columns with good accuracy, and that it provides a conservative 
estimate of the column failure due to crushing of the inside concrete wall surface. 
The comparison of the model to the experimental testing discussed in this paper has 
shown that it can also accurately predict the response of the hollow columns as well as the 
failure of these columns caused by fracture of longitudinal reinforcement. The experimental 
results found that the hollow columns experience only a slightly reduced lateral load capacity 
when compared to similar solid columns.  
The comparison of the response between hollow and solid columns using realistic 
material property in bridge columns indicates that a hollow column with a single layer of 
transverse reinforcement can present similar behavior as solid columns, if designed with a low 
axial load ratio and low flexural capacity.  
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Table 4-1: Summary of confined concrete models proposed in the literature 
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Note: Uz is the concrete compressive stress, Uz is the compressive strength of unconfined concrete, Uzz is the compressive 
strength of confined concrete, {z is the concrete compression strain, {zz is the strain at peak stress for confined concrete, {£ is 
strain at 85% strength level beyond the peak stress, z is the concrete modulus of elasticity, K is the confinement effectiveness 
ratio,  is the volumetric ratio of confinement reinforcement to confined concrete, " is the core dimension of rectangular tied 
column inside hoop or spiral,  is the center-to-cent spacing of transverse reinforcement, UV  is the yield strength of 
confinement reinforcement, and  ¤ is the effectiveness confinement coefficient. 
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Table 4-2: Analyses matrix  
Section 
type 
¥ 
(mm) 
 ¥< 
(mm) 
 k 
(mm) 
k/¥ D D  
Hollow 
 
304.8 
243.84 30.48 0.1 
0.41% 
0.62% 
0.82% 
1.13% 
0.88% 
 228.6 38.1 0.125 
 213.36 45.72 0.15 
 203.2 50.8 0.167 
 198.12 53.34 0.175 
 182.88 60.96 0.2 
Solid - - 1 
Note: ¥  is the core diameter of circular hollow column embraced by the transverse 
reinforcement, ¥’ is the inner diameter of circular hollow column, t represents the wall 
thickness, k/¥ is the wall thickness to the core diameter of circular hollow column ratio, D is 
the volumetric ratio of transverse reinforcement, and D  is the area ratio of longitudinal 
reinforcement. 
 
Table 4-3: Confinement stress values 
(a) Hollow circular columns with a confinement volumetric ratio of 0.41% 
β 
§( MPa) § (MPa) 
FE Calculated FE Calculated 
§,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  
0.100 0.48 0.53 0.85 1.00 7.05 6.26 4.24 5.00 
0.125 0.55 0.61 0.85 1.00 5.71 5.07 3.39 4.00 
0.150 0.59 0.65 0.85 1.00 4.69 4.17 2.83 3.33 
0.167 0.62 0.68 0.85 1.00 4.17 3.71 2.54 3.00 
0.175 0.63 0.70 0.85 1.00 3.97 3.53 2.42 2.86 
0.200 0.65 0.72 0.85 1.00 3.35 2.98 2.12 2.50 
1 0.9 1.00 0.85 1.00 1.13 1.00 0.85 1.00 
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Table 4-3 continued 
(b) Hollow circular columns with a confinement volumetric ratio of 0.62% 
β 
§( MPa) § (MPa) 
FE Calculated FE Calculated 
§,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  
0.100 0.64 0.47 1.27 1.00 9.68 5.76 6.36 5.00 
0.125 0.75 0.56 1.27 1.00 7.88 4.69 5.09 4.00 
0.150 0.82 0.60 1.27 1.00 6.58 3.91 4.24 3.33 
0.167 0.85 0.63 1.27 1.00 5.88 3.50 3.82 3.00 
0.175 0.86 0.64 1.27 1.00 5.61 3.34 3.63 2.86 
0.200 0.91 0.67 1.27 1.00 4.82 2.87 3.18 2.50 
1 1.35 1.00 1.27 1.00 1.68 1.00 1.27 1.00 
 
(c) Hollow circular columns with a confinement volumetric ratio of 0.82% 
β 
§( MPa) § (MPa) 
FE Calculated FE Calculated 
§,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  
0.100 0.78 0.44 1.7 1.00 11.97 5.08 8.48 5.00 
0.125 0.95 0.53 1.7 1.00 10.09 4.29 6.78 4.00 
0.150 1.03 0.57 1.7 1.00 8.41 3.57 5.65 3.33 
0.167 1.07 0.60 1.7 1.00 7.55 3.21 5.09 3.00 
0.175 1.09 0.61 1.7 1.00 7.20 3.06 4.85 2.86 
0.200 1.15 0.64 1.7 1.00 6.23 2.65 4.24 2.50 
1 1.79 1.00 1.7 1.00 2.35 1.00 1.7 1.00 
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Table 4-3 continued 
(d) Hollow circular columns with a confinement volumetric ratio of 1.13% 
β 
§( MPa) § (MPa) 
FE Calculated FE Calculated 
§,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  §,¨¨© 
§,¨¨©
  
0.100 0.98 0.40 2.34 1.00 14.82 4.87 11.72 5.00 
0.125 1.20 0.49 2.34 1.00 12.90 4.24 9.38 4.00 
0.150 1.32 0.54 2.34 1.00 10.98 3.61 7.81 3.33 
0.167 1.39 0.57 2.34 1.00 9.96 3.27 7.03 3.00 
0.175 1.42 0.58 2.34 1.00 9.53 3.13 6.70 2.86 
0.200 1.51 0.62 2.34 1.00 8.35 2.74 5.96 2.50 
1 2.43 1.00 2.34 1.00 3.04 1.00 2.34 1.00 
Note: §,¨¨© is the average radial stress across the wall thickness in hollow column section, §,¨¨© is the average circumferential stress across the wall thickness in hollow column 
sections, and   is the lateral confining stress. 
 
Table 4-4: Concrete Strengths on Day of Testing 
Column 
unit 
Concrete compressive strength 
(MPa) 
SC1-M 43.5 
SC2-C 43 
H2C1-M 41.5 
H2C2-C 39 
H2C3-C 39 
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Table 4-5: Steel Reinforcement Material Properties 
Steel Diameter 
(mm) 
Yield stress 
(MPa) 
Yield strain Ultimate stress 
(MPa) 
Ultimate strain 
Longitudinal 6.35 655 0.0033 689 0.02 
Transverse 5.28 655 0.0033 724 0.012 
 
Table 4-6: Test matrix 
Specimen P 
(kN) 
Axial load ratio 
(S/′ª) 
Axial load ratio to net 
area 
(S/′«) 
Loading type 
SC1-M 100.5 3% 3% Monotonic 
SC2-C 201 6% 6% Cyclic 
H2C1-M 100.5 3% 6% Monotonic 
H2C2-C 100.5 3% 6% Cyclic 
H2C3-C 201 6% 11% Cyclic 
Note: ′ is concrete compressive strength, P is axial force, ª is area of gross section, and « is 
area of net section. 
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(a) Solid column cross section 
ssAf ssAf  
(b) Forces acting on one-half spiral or circular hoop 
 
(c) Forces acting on one-half confined concrete core 
Figure 4-1: Confinement of concrete for solid sections 
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(a) Cross section of hollow reinforced concrete columns confined with a single layer of 
transverse reinforcement 
ssAf ssAf  
(b) Forces acting on one-half spiral or circular hoop  
 
(c) Forces acting on one-half confined concrete core 
Figure 4-2: Confinement of concrete for hollow sections with a single layer of transverse 
reinforcement 
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Figure 4-3: Modification factor as a function of confinement volumetric ratio and t/D ratio 
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Figure 4-4: Confinement effectiveness coefficient comparison of the proposed analytical 
method and the finite element analysis 
 
 
Figure 4-5: Experimental column unit dimensions and reinforcement details 
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Figure 4-6: Isometric view of loading frame 
 
Figure 4-7: Front view of loading frame 
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Figure 4-8: Column H2C1-M with marked cracks prior to failure 
 
 
Figure 4-9: Force-displacement response comparison of column SC2-C and H2C3-C 
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Figure 4-10: Force-displacement response comparison of column H2C1-M and H2C2-C 
 
 
Figure 4-11: Force-displacement response comparison of column H2C2-C and H2C3-C 
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Figure 4-12: Section dimensions and reinforcement of columns tested by Hoshikuma and 
Priestley (2000) (dimensions in mm) 
 
 
Figure 4-13: Force-displacement response comparison of proposed analytical method to 
experimental results of columns tested by Hoshikuma and Priestley (2000) 
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Figure 4-14: Experimental responses with and without shear component for Specimen H2C2-C 
 
 
Figure 4-15: Force-displacement response comparison of experimental response without 
shear displacement and analytical response for Specimen H2C2-C 
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Figure 4-16: Measured and analytical steel strains at extreme tension and compression faces 
comparisons for Specimen H2C2-C 
 
 
Figure 4-17: Analytical responses of experimental specimens with ideal material properties 
subjected to 22.6 kip of axial load (1 in. = 25.4 mm)  
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 EFFECT OF CONFINEMENT IN SQUARE HOLLOW COLUMNS 
A paper to be submitted to the Bulletin of Earthquake Engineering 
Xiao Liang · Sri Sritharan 
Sri Sritharan is a Wilson Engineering Professor in the Department of Civil, Construction and 
Environmental Engineering at Iowa State University. 
Xiao Liang is a graduate student in the Department of Civil, Construction and Environmental 
Engineering at Iowa State University. 
5.1 Abstract 
Confinement reinforcement plays an essential role in square hollow bridge columns, 
because the configuration of lateral reinforcement and the resulting longitudinal 
reinforcement distribution determine the ductility of these columns. Designing square 
hollow bridge columns to withstand extreme loads, such as that created by earthquakes, 
requires a good understanding of the confinement effect. This paper presents a systematic 
analytical study on the confinement effect in square hollow columns using key variables 
such as concrete dilation and confining pressure. It is shown that the effect of confinement 
in square hollow columns is different from circular hollow columns. The difference in 
behavior is due to the variations in concrete dilation and the distribution of confining 
pressure across the wall thickness. Finally, it is shown that the effectiveness of confinement 
in square hollow concrete columns should be quantified using confinement configuration, 
wall thickness, and confinement reinforcement amount as the main variables. 
Keywords: seismic · hollow · concrete · column · confinement · analysis · FE modeling 
5.2 Introduction 
In recent years, traffic demand has grown tremendously with natural boundaries. 
Therefore, high-elevation bridge construction has become increasingly popular in order to 
accommodate the increased traffic demand. Hollow sections are desirable for high-
elevation bridge columns or piers, because they provide a higher structural efficiency in 
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terms of higher strength-to-mass and stiffness-to-mass ratios. In addition, hollow sections 
enable a significant reduction in material costs and seismic mass. However, hollow concrete 
columns have not been widely used due to a lack of fundamental understanding of the 
effects of confinement in the critical regions (i.e., plastic hinge zone) of these columns.  
It has been widely recognized that well-confined concrete members could sustain 
large axial concrete strains without significant degradation of concrete strength (Hines, 
2002). Therefore, the plastic hinge zone of hollow concrete columns is required to be 
detailed with adequate confinement reinforcement to confine the concrete and prevent 
unfavorable failures caused by shear or buckling of longitudinal reinforcement. The 
confinement effect in solid concrete columns for different cross-sectional shapes and 
reinforcement arrangements has been generally well understood, and several models have 
been formulated to describe the stress-strain relationship of confined concrete. However, 
there has been limited research available studying the confinement effect due to the void in 
the middle of the cross section. To ensure the concrete in the critical regions of hollow 
concrete columns is confined effectively, the confinement effect needs to be studied 
adequately. The effect of confinement in circular hollow columns has been systematically 
investigated in a recent study by Liang and Sritharan (2015). This paper focuses on the effect 
of confinement in square hollow columns.  
The most commonly used reinforcement arrangement for square hollow columns is 
two layers of lateral reinforcement connected with cross-ties or overlapping hoops. One 
layer of lateral reinforcement is provided near the outside concrete wall surface, and the 
other layer of lateral reinforcement, which typically has the same diameter with the same 
transverse spacing as the outer layer of lateral reinforcement, is provided near the inside 
concrete wall surface. This inner layer of lateral reinforcement is usually connected to the 
outer layer of lateral reinforcement with cross-ties or overlapping hoops.  
Although limited research exists for square hollow columns, the previous studies 
primarily focused on the seismic performance of these columns. Table 5-1 summarizes the 
previous studies and compares the test unit details used in these experiments.  As shown, 
the test columns were reinforced with different lateral reinforcement arrangements. 
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Mander et al. (1983) assessed the applicability of design code (NZS 3101) for the 
design of lateral reinforcement in the plastic hinge zone of hollow columns. Four hollow 
column units were studied with the same dimensions. The primary investigated parameters 
were the applied axial load and the transverse reinforcement amount. It was found that the 
confinement reinforcement in hollow columns with a high level of axial load ratio should be 
increased to avoid premature failure caused by buckling of longitudinal reinforcement. 
Furthermore, the requirements provided by the NZS 3101 for design of lateral 
reinforcement are reasonably applicable for hollow columns.  
Yeh et al. (2002) studied the seismic behavior of two prototype and four model 
square hollow bridge columns used in Taiwan, with the lateral reinforcement amount as the 
key investigated parameter. They found that the column unit with a greater amount of 
lateral reinforcement reached a higher flexural strength and ductility due to the increased 
confinement of concrete provided by the lateral reinforcement. Also, higher level of axial 
load produced greater maximum strength and less ductility. They concluded that following 
the seismic provisions by ACI code (ACI 318-95) could ensure that hollow columns present 
acceptable seismic performance with failure characterized by fracture of longitudinal 
reinforcement. For the analytical study, the effect of confinement in square hollow columns 
was assumed to be the same as solid columns. Based on this assumption, the structural 
behavior of the hollow columns was predicted using the stress-strain models of confined 
concrete for rectangular cross sections in the literature. These confined concrete models 
were generally developed based on experimental testing of small-scale solid concrete 
members subjected to concentric axial compression. The researchers found that the model 
proposed by Sheikh and Uzumeri (1982) provided the closest response to the test results for 
column units experiencing shear failure, while the model proposed by Mander et al. (1988) 
provided the closest response to the test results for column units experiencing flexural 
failure. However, the difference between the experimental and analytical results showed 
that the existing confined concrete models in the literature are not directly applicable to 
hollow columns. 
Following the study by Yeh et al. (2002), Mo et al. (2003) conducted 28 panel tests 
that were subjected to concentric axial compression, in order to investigate the stress-strain 
relationship of confined concrete in square hollow sections. The experimental results 
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confirmed that the existing confined concrete models could not represent the confined 
concrete behavior for hollow columns with the lateral reinforcement configuration used in 
Taiwan (as shown in Table 5-1). It was found that the stress-strain relationship of confined 
concrete in these columns could be represented by the confined concrete model suggested 
by Muguruma et al. with modifications. By comparing the experimental results to the 
analytical results predicted using the modified model suggested by Muguruma et al., 
acceptable agreement was found. However, this proposed modified model with limited 
acceptance has not been validated adequately, which requires a further in depth 
investigation. 
Most lateral reinforcement arrangements available in the literature for square 
hollow columns consist of two layers of lateral reinforcement with cross-ties or overlapping 
hoops, as mentioned previously. This detail has been validated to be able to present 
satisfactory hysteretic response if designed properly, but requires significant construction 
and labor costs. For thin wall bridge columns or piers, this type of lateral reinforcement 
arrangement may result in reinforcement congestion and impose challenges when casting 
concrete due to the reduced area for concrete fill. Therefore, a single layer of lateral 
reinforcement placed near the outside concrete wall surface has been proposed, and the 
structural behavior of two thin-walled circular hollow columns was studied by Hoshikuma 
and Priestley (2000). They found that these circular hollow columns could reach a limited 
ductile behavior if designed to ensure that the neutral axis was located within the wall 
thickness. However, there have been limited studies about the flexural behavior of square 
hollow columns with a single layer of lateral reinforcement placed near the outside concrete 
surface, requiring further investigation.   
According to the information presented thus far, the seismic performance of square 
hollow columns has been studied without a fundamental understanding of the confinement 
effect in these columns. In addition, different lateral reinforcement arrangements were 
used and studied by previous researchers without a clear indication of how the confinement 
effect took place in these columns. In order to design the square hollow columns with 
accurate and effective confinement reinforcement, this paper systematically investigates 
the confinement effect in square hollow sections with the help of finite element method. 
First, this research investigated the confinement effect in solid sections using fundamental 
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key variables, such as confining pressure and concrete dilation. Second, the finite element 
model was validated through comparisons with experimental results of two columns tested 
by previous researchers. Third, the effectiveness of confinement in square hollow columns 
was studied using confinement configuration, wall thickness and transverse reinforcement 
amount as the main variables.  
5.3 Analysis Approach 
This study used the finite element method (FEM) to model concrete columns 
primarily subjected to concentric axial compression. This aimed at loading the specimen 
beyond its peak strength and establishing the complete relationship between the axial 
stress and axial strain, including softening that occurs beyond the peak strength.  Using the 
3D nonlinear finite element software ABAQUS (CAE 6.12, 2012), hollow concrete columns 
were systematically analyzed with the confinement configuration, wall thickness, and 
transverse reinforcement amount as the main variables.  The following sections present the 
material models and the details of the FE models used in this study. After that, the 
validation of the FE models is presented.  
5.3.1 Materials models 
A concrete damaged plasticity model available in ABAQUS was used to define the 
concrete material behavior in all FE models. This model incorporates two damage variables, 
one for compression and one for tension, to model the stiffness degradation during inelastic 
action in concrete.  Tensile cracking and compressive crushing are two main failure 
mechanisms for concrete in the damaged plasticity model.  Therefore, the concrete stiffness 
can be modeled during inelastic action to a greater level of accuracy, if calibrated properly. 
For compression behavior, the cover concrete was modelled as unconfined concrete using 
the model shown with a dashed line in Figure 5-1 (a). However, a modification to the post-
peak behavior of the unconfined concrete model was used to represent the confined 
concrete behavior as shown in the same figure. This is because the concrete damaged 
plasticity model is pressure dependent, which means the behavior of each individual 
element depends on the pressure it experiences while the shape remains the same. This 
approach has been shown to successfully capture the increased concrete strength and 
ductility due to the increased confining pressure provided by the confinement 
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reinforcement (Snyder et al., 2011). The input concrete behavior under uniaxial 
compression is shown in Figure 5-1 (a) and Table 5-2 (Compressive Behavior). 
Concrete behavior under uniaxial tension was assumed to be linear until forming the 
initial macroscopic cracks at the peak stress (i.e., failure stress).  Post failure behavior was 
defined in terms of stress versus cracking strain.  This behavior allowed the reinforcement 
interaction with concrete to be defined by introducing some tension stiffening to the 
softening branch.  A typical tension stiffening model in ABAQUS is shown in Figure 5-1 (b).  It 
was important to select appropriate tension stiffening parameters to obtain numerical 
stability, and also to avoid local cracking failure in the concrete that introduced temporarily 
unstable behavior in the overall response of the model. The defined tensile behavior of 
concrete is shown in Table 5-2 (Tensile Behavior). 
Additional inputs such as dilation angle, eccentricity, uniaxial to biaxial stress ratio, 
stress variant, and viscosity parameters were required to completely define the damaged 
plasticity model for concrete.  The suggested default values from ABAQUS were used as 
tabulated in Table 5-2 (Plasticity). Longitudinal and transverse reinforcement behavior after 
the elastic range was defined in terms of yield stress versus plastic strain as shown in Table 
5-2 (Plastic).  
5.3.2 Model formulation 
The outer dimension of the square hollow concrete cylinder was 12 in. [304.8 mm] 
and the inner dimension was calculated based on a series of preselected β values ranging 
from 0.1 to 0.2, where β represents the ratio of the wall thickness to the outer dimension.  
The height of the cylinder was taken as 48 in. [1219.2 mm], which led to an aspect ratio of 
1:4.  Cubic elements with the length of each side being 0.5 in. [12.7 mm] was used to 
accurately capture the stress/strain variations across the wall thickness.  The square hoop 
was placed as close as possible to the outside concrete wall surface (one layer of 
confinement reinforcement) or to the outside and inside concrete wall surfaces (two layers 
of confinement reinforcement), which led to almost zero concrete cover in the models. This 
option was preferred to avoid any numerical instability resulting from crushing of cover 
concrete. 
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Two element types were primarily used in the development of all FE models: C3D8R 
and T3D2.  The C3D8R element is a continuum three-dimensional 8-noded solid element 
with three translational degrees of freedom at each node, commonly known as the “brick” 
element. This element modelled the concrete.  The other element, T3D2, is a three-
dimensional 2-noded truss element (only resists forces in the axial direction), which was 
used to model embedded longitudinal and transverse reinforcing bars.  This element has 
two nodes with three translational degrees of freedom at each node. 
The embedded region constraint option was used for connecting reinforcement 
elements to the surrounding concrete.  This approach constrained translational degrees of 
freedom of the embedded steel reinforcement element nodes to the degrees of freedom of 
the surrounding concrete element nodes, which were the host elements. 
Figure 5-2 shows the boundary and loading conditions of a modeled 2 in. wall hollow 
square column under concentric axial load. Due to triple symmetry, only 1/8 of the hollow 
square column was modeled to reduce the computational time.  Appropriate boundary 
conditions were enforced on the symmetric planes, which were u = 0 on the plane normal to 
the x-axis, v = 0 on the plane normal to the y-axis, and w = 0 on the bottom surface normal 
to the z-axis (see Figure 5-2). The top and bottom horizontal planes were unrestrained and 
allowed displacement to take place in the z direction. This was made to capture the uniaxial 
confined concrete compression behavior of an isolated segment along the height of the 
column that was undisturbed from boundary conditions at the member end. Uniform 
compressive displacement in the z direction was applied to the top concrete section surface 
(see Figure 5-2).   
5.3.3 Confining effect in solid columns 
To better understand the confining effect in square solid columns provided by lateral 
reinforcement, a solid column was modeled in ABAQUS, which had the same geometry and 
was subjected to the same boundary and loading conditions as the hollow columns 
demonstrated previously.  The lateral reinforcement configuration is shown as Table 5-3 (a). 
Both the lateral reinforcing bar and the overlapping hoop have a cross sectional area of 0.22 
in2, which are spaced at 1 in. along the entire height of the column. This corresponds to a 
volumetric ratio of lateral reinforcement of 0.57%. The comparison between the derived 
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axial stress-strain relationships of confined concrete and that predicted based on the model 
developed by Mander et al. is presented in Figure 5-3.  It is seen that FEM of the confined 
concrete behavior accurately matches the Mander et al. model’s estimations, confirming 
that the modeling approach and the employed material model satisfactorily described the 
confinement effect in terms of enhanced strength and ductility characteristics of confined 
concrete members.   
Figure 5-4 shows the derived concrete behavior in both the loading direction as well 
as the radial direction for each concrete element of the modelled solid concrete column 
section. From this figure, the concrete elements in a solid section do not experience the 
same confining pressure. The concrete element located closer to the section center 
experiences the highest confinement effect and produces the largest peak stress (Figure 5-4 
(a)).  The peak stress decreases as the distance of the concrete element from the section 
center increases. This is because the element located closer to the section center 
experiences a higher magnitude of radial stress (i.e., confining effect) as shown in Figure 5-4 
(b). This reduction in peak stress, as the distance of the concrete element from the section 
center increases, is more significant for square sections compared to circular sections 
presented in the study by Liang and Sritharan (2015). 
The reason for the decrease in confining pressure, as the distance from the concrete 
element to the section center increases, can be explained using dilation of concrete 
elements. This was explained in detail by Liang and Sritharan (2015) for circular sections. In 
comparison with circular sections reinforced with circular hoops or spirals, square hoops 
provide a less uniform confining pressure and the effectively confined concrete area is 
further reduced. Therefore, concrete elements located near the outside concrete surface of 
a square section experience a smaller confinement effect, causing greater concrete dilations. 
This increase in concrete dilation for outer concrete elements will deteriorate the 
confinement effect provided by the dilation of outer concrete elements to the adjacent 
inner concrete elements. This effect continuously transfers to the section center.  
5.3.4 Validation using solid columns tested by Scott et al., 1982 
The accuracy of the analysis approach was validated for the response of two test 
units studied by Scott et al. (1982) with two types of lateral reinforcement configuration. 
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Both test units had a square cross section with the length of each side being 450 mm. The 
height of the specimen was 1200 mm, which resulted in an aspect ratio of 2.67. The lateral 
reinforcement arrangement and corresponding longitudinal reinforcement distribution is 
shown in Figure 5-5. The longitudinal reinforcement consisted of either eight 24 mm 
diameter longitudinal bars or twelve 20 mm diameter longitudinal bars. The lateral 
reinforcement consisted of 10 mm diameter plain round bars with a spacing of 72 mm. Both 
test units were subjected to concentric axial compression. The comparison between the 
derived axial stress-strain relationship of confined concrete and those obtained from the 
experimental measured response is shown in Figure 5-5.  As shown, the FE results generally 
match well with the measured responses for both peak stress and the deterioration rate in 
the descending branch after the axial stress passes the peak stress. This comparison 
indicates that the modeling approach and the employed material model can satisfactorily 
describe the confinement in terms of enhanced strength and ductility characteristics of 
confined concrete members.  
5.4 Confining Effect in Square Hollow Sections  
To investigate the confinement effect in hollow columns, an analysis matrix was 
carefully chosen and is summarized in Table 5-3. The primary parameters are confinement 
configuration, wall thickness, and confinement reinforcement amount. The confinement 
configurations include two layers of lateral reinforcement with cross-ties and a single layer 
of lateral reinforcement. 
5.4.1 Effect of confinement configuration  
Figure 5-6 shows the axial stress-strain relationships of concrete in hollow sections 
with the two different confinement configurations presented in Table 5-3. In addition, for 
better comparison of the confinement effect between solid and hollow sections, the 
Mander’s prediction was also included in Figure 5-6. It can be seen from Figure 5-6 that the 
hollow section confined with two layers of lateral reinforcement and cross-ties presents a 
higher peak stress and a lower deterioration rate in the descending branch in comparison to 
that with a single layer of lateral reinforcement. The increase of peak stress due to two 
layers of lateral reinforcement connected with cross-ties is more significant for the 2 in. wall. 
This indicates that two layers of lateral reinforcement connected with cross-ties provide a 
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better confining effect for square hollow sections, especially for a larger wall thickness. 
However, the confinement effectiveness is reduced compared to the Mander’s prediction 
based on the solid section confined with lateral reinforcement and overlapping hoops.  
In a recent study by Liang and Sritharan, it was found that the outer layer of lateral 
reinforcement reached the yield strain prior to the inner layer of lateral reinforcement for 
circular hollow columns confined with two layers of lateral reinforcement and cross-ties. 
However, this is not the case for square hollow columns. According to Figure 5-6, both the 
inner and outer layers of lateral reinforcement are stressed to the yield strain at 
approximately the same axial strain of concrete. This difference between the square and 
circular cross sections can be explained by dilation of the concrete wall, which will be 
discussed in the next section. 
To better illustrate the confinement effect in hollow column sections with different 
confinement configurations, the confining pressure distribution across the wall thickness for 
the 2 in. wall hollow sections is plotted in Figure 5-7. In each case, the concrete wall section 
was divided into 4 layers and 1 to 4 shown in the horizontal axis represents the concrete 
layer from the inside concrete face to the outside concrete face. In this figure, the negative 
radial stress corresponds to concrete experiencing positive confining pressure. The 
magnitude of the radial stress indicates how well the concrete is confined. Compared to the 
hollow section with one layer of lateral reinforcement, the hollow section confined with two 
layers of lateral reinforcement and cross-ties experiences a much higher magnitude of radial 
stress, thus a better confinement effect. This further validates that two layers of lateral 
reinforcement connected with cross-ties is a more effective confinement configuration for 
square hollow sections when compared to a single layer of lateral reinforcement. The 
following discussion will focus on the influence of some critical parameters on the 
confinement effect of concrete provided by either one layer of lateral reinforcement or two 
layers of lateral reinforcement connected with cross-ties.  
5.4.2 One layer of transverse reinforcement 
5.4.2.1 Effect of wall thickness 
In previous research, the inside concrete wall typically crushed at an axial concrete 
compressive strain of 0.005 in/in for circular hollow columns with one layer of lateral 
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reinforcement (Hoshikuma and Priestley, 2000). Due to limited research existing for square 
hollow columns with one layer of lateral reinforcement, there is not any information 
available in the literature about the inside concrete wall crushing for square columns. In the 
current study, it was assumed that crushing of the inside concrete wall for square hollow 
columns also occurred as the axial compressive concrete strain reached 0.005 in/in.  In 
consideration of this type of failure, the results presented for hollow sections confined with 
a single layer of lateral reinforcement were limited to 0.005 in/in axial concrete compressive 
strain. 
Figure 5-8 shows the axial stress-strain relationship of square hollow sections with 
six different wall thicknesses, which corresponds to a wall thickness ratio ranging from 0.1 
to 0.2. The same quantity of lateral reinforcement with the same transverse spacing was 
placed close to the outside concrete wall surface, which resulted in a  D  value of 0.57%. 
According to Figure 5-8, the confinement effectiveness for square hollow sections with a 
single layer of lateral reinforcement is significantly reduced compared to the Mander’s 
prediction. For different wall thicknesses, there is not any significant difference observed for 
the concrete behavior in the uniaxial compression. Compared to the 2.4 in. wall, the 1.2 in. 
wall hollow column performs slightly better. Therefore, one layer of lateral reinforcement is 
more effective for hollow sections with a thinner wall. 
The point where the lateral reinforcement reaches the yield strain for each wall 
thickness is also plotted in Figure 5-8. As shown, the lateral reinforcement was not stressed 
to the yield strain for the 1.2 in. wall hollow section. For all the remaining wall thicknesses, 
the axial strain of concrete is located in a range of 0.005 to 0.006 in/in, when the lateral 
reinforcement is stressed to the yield strain. 
Besides the axial behavior comparisons, the derived relationships between the 
effective concrete dilation and the axial concrete strain were also compared and the results 
are shown in Figure 5-9 for different wall thicknesses. The effective concrete dilation shown 
in this figure is the effective change of wall thickness with respect to its original dimension. 
According to this figure, the effective concrete dilation increases as the wall thickness 
increases. This confirms that the concrete in a thinner wall experiences a better 
confinement effect for hollow sections with one layer of lateral reinforcement. This finding 
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is consistent with that obtained for circular hollow sections with one layer of lateral 
reinforcement (Liang and Sritharan, 2015). 
5.4.2.2 Effect of confinement reinforcement amount 
To illustrate the effect of reinforcement amount on the confined concrete behavior 
for hollow sections confined with one layer of lateral reinforcement, a 2 in. [50.8 mm] wall 
hollow section, which has the same number of concrete layers (i.e., four layers) as the solid 
section over the 2 in. [50.8 mm] portion, was selected for the analysis. The solid section has 
the same dimension as the hollow sections, with a volumetric ratio of 0.57% of lateral 
reinforcement. The 2 in. [45.72 mm] wall hollow sections were analyzed with different 
lateral reinforcement amounts (Table 5-3 (c)). The resulting relationship comparison 
between the axial stress and axial strain is presented in Figure 5-10. According to this figure, 
the square hollow section confined with 30% more lateral reinforcement does not improve 
the confined concrete behavior significantly. This observation is different from circular 
hollow sections, where the circular hollow section confined with 30% more lateral 
reinforcement could achieve a confined concrete response comparable to a solid section. 
The difference between square and circular hollow sections can be explained by the 
variations of concrete dilation. As shown in the study presented by Liang and Sritharan 
(2015), the entire concrete wall dilates outward subjected to uniaxial compression for 
circular hollow sections with one layer of lateral reinforcement. This outward dilation causes 
the lateral reinforcement to develop tensile stress. The lateral reinforcement then provides 
confining pressure and confines the concrete core embraced by the lateral reinforcement. 
Therefore, the lateral reinforcement is known as passive confinement, which depends on 
the concrete dilation to activate the effect of confinement. Compared to circular hollow 
sections, the concrete in a square hollow section dilates both inward and outward when 
subjected to uniaxial compression. The outward concrete dilation for square hollow sections 
is smaller than circular hollow sections. Therefore, the lateral reinforcement is not stressed 
as much as that in circular hollow sections, and thus cannot provide a sufficient amount of 
confining pressure. This indicates that the effectiveness of confinement for square hollow 
sections with a single layer of lateral reinforcement is smaller than circular hollow sections. 
Figure 5-11 shows the radial displacement (i.e., concrete dilation) for the hollow sections 
with different confinement reinforcement amounts as well as the solid section, which 
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clearly presents that the void in the square section plays a negative influence on the 
confinement effect.  
5.4.3 Two layers of transverse reinforcement with cross-ties 
5.4.3.1 Effect of different inner to outer layer of reinforcement amount 
In a recent study, Liang and Sritharan (2015) found that for circular hollow columns 
with two layers of lateral reinforcement and cross-ties, the amount of inner layer 
reinforcement should be much smaller than the outer layer of reinforcement. This is 
because the tension demand developed in the inner layer of reinforcement could be 
effectively transferred to the outer layer of reinforcement with the help of cross-ties. In 
order to validate whether this is applicable for square hollow sections, square hollow 
sections with different inner to outer reinforcement amounts within the same spacing were 
analyzed to study the interaction between these two layers of confinement reinforcement 
in square hollow columns. The resulting axial stress vs. axial strain relationship comparisons 
for two different wall thicknesses are presented in Figure 5-12. 
As the wall thickness to outer diameter ratio (t/d) increases, the peak stress 
enhancement due to two layers of confinement reinforcement connected with cross-ties 
becomes more significant when compared to one layer of confinement reinforcement.  For 
the 0.1 wall thickness-to-diameter ratio (i.e., 1.2 in. wall), the hollow section confined with a 
single layer of reinforcement performs close to that with two layers of lateral reinforcement 
connected with cross-ties, although the hollow section confined with a single layer of 
reinforcement might experience inside concrete wall crushing unfavorably. However, 
placing two layers of reinforcement connected with cross-ties for hollow sections with such 
a thin wall may cause a high probability of reinforcement congestion. Therefore, it would be 
unnecessary to place two layers of confinement reinforcement for hollow sections with a 
wall thickness ratio equal or less than 0.1.    
For all the wall thickness ratios analyzed in this study, the axial stress-strain behavior 
of concrete is similar for square hollow sections confined with different inner to outer layer 
of reinforcement ratios. This observation is different from circular hollow sections, where 
the confined concrete behavior increased as the inner to outer reinforcement ratio changed 
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from 5:5 to 1:9. This is because the concrete in a square hollow column confined with two 
layers of lateral reinforcement and cross-ties also dilates both inward and outward, which is 
different from circular hollow columns. For circular sections, the entire concrete wall dilates 
outward, and therefore the tension demand developed in the inner layer of lateral 
reinforcement is smaller than the outer layer of lateral reinforcement. The role of cross-ties 
is to transfer the unequal demand between these two layers of lateral reinforcement. 
Placing smaller amount of inner reinforcement, while maintaining the same confinement 
reinforcement ratio, allows the outer reinforcement to generate higher confining pressure 
and causes a better confining effect. However, in square hollow columns, the concrete 
dilates both inward and outward. Therefore, the inward concrete dilation activates the inner 
layer of lateral reinforcement, while the outward concrete dilation activates the outer layer 
of lateral reinforcement. The cross-ties used to connect these two layers ensure the 
integrity of the concrete wall, instead of transferring the demand. The observation that both 
the inner and outer layers of lateral reinforcement reached the yield strain at approximately 
the same concrete compressive strain also verifies that the concrete dilation in square 
hollow sections is very different from that in circular hollow sections. Since there is not any 
obvious difference for square hollow columns confined with different inner to outer layer of 
reinforcement ratios, it would be convenient to place equal amounts of lateral 
reinforcement near the inside and outside concrete walls. 
5.4.3.2 Effect of wall thickness 
As discussed previously, two layers of lateral reinforcement and cross-ties did not 
improve the confined concrete behavior significantly for the 1.2 in. wall. The influence of 
wall thickness on the confined concrete behavior for hollow sections confined with two 
layers of lateral reinforcement and cross-ties was studied in this section. The hollow 
sections have a  D  value of 1%. Figure 5-13 shows the axial stress-strain relationship 
comparison of confined concrete for hollow sections with different wall thicknesses. As 
shown, the 1.2 in. wall hollow section performs worse than other wall thicknesses. Among 
the remaining wall thicknesses, the 1.8 in. wall hollow section presents the best confined 
concrete behavior. Therefore, the 1.8 in. wall, which corresponds to a wall thickness ratio of 
0.15, is suggested for square hollow sections confined with two layers of lateral 
reinforcement and cross-ties. 
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5.5 Conclusions 
Based on the results of the analytical investigation in this study about the confined 
concrete behavior in square hollow bridge column sections, the following conclusions and 
recommendations are drawn: 
1. The confinement effect in concrete members can be illustrated using confining 
pressure and concrete dilation as the key parameters; and  
2. The concrete dilation for square hollow sections is significantly different from 
circular hollow sections. The concrete in a square hollow section dilates both inward 
and outward, while the concrete in a circular hollow section dilates primarily 
outward; and 
3. The variation of concrete dilation explains the difference of the confined concrete 
behavior between the circular and square hollow sections; and 
4. Hollow concrete sections with two layers of confinement reinforcement connected 
with cross-ties provide the most effective confinement effect to the concrete core, 
especially for thicker walls; and 
5. The same amount of inner and outer layers lateral reinforcement is suggested for 
square hollow sections confined with two layers of lateral reinforcement and cross-
ties. This is because there is not any obvious difference observed for the confined 
concrete behavior as the inner to outer layer of reinforcement ratio changes from 
5:5 to 1:9; and 
6. For square hollow columns with a wall thickness ratio equal to or smaller than 0.1, 
one layer of lateral reinforcement placed near the outside concrete wall is 
recommended, because two layers of lateral reinforcement and cross-ties do not 
improve the confined concrete behavior significantly; and 
7. A wall thickness ratio of 0.15 is suggested for hollow sections confined with two 
layers of lateral reinforcement and cross-ties; and 
8. The confinement effectiveness in square hollow concrete sections confined with one 
layer of reinforcement is significantly smaller than that experienced by the solid 
sections. This confinement effectiveness reduction can also be illustrated by the 
concrete dilation, because the confinement effect takes place once the lateral 
reinforcement experiences significant stress induced by outward concrete dilation. 
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Table 5-1: Summary of previous experimental studies on square hollow reinforced 
concrete columns 
Researchers 
Wall thickness-
to-section 
diameter/width 
ratio 
Axial 
load 
ratio 
Aspect 
ratio 
Longitudinal 
reinforcement 
 ratio, net 
Transverse 
reinforcement 
amount 
(volumetric 
ratio) 
Confinement 
configurations 
 
Mander et 
al. (1983) 
0.16 
0.1 
0.5 
0.3 
0.3 
4.27 1.55% 
6 mm dia. 
@ 30 mm 
6 mm dia. 
@ 40 mm 
6 mm dia. 
@ 60 mm 
(2%-3.9%)  
(overlapping hoops) 
Yeh et al. 
(2002) 
0.2 0.082 
4.3 
3.0 
1.7% 
13 mm dia. 
@ 80 mm 
10 mm dia. 
@120 mm 
 (1%-2.7%) 
 
(cross-ties) 
Mo et al. 
(2003) 
0.2 
0.11 
0.06 
0.07 
4.0 1.13% 
4 mm dia. 
@40 mm 
4 mm dia. 
@80 mm 
(0.8%-1.57%) 
 
(cross-ties) 
Calvi et al. 
(2005) 
0.167 
0.06 
0.19 
0.21 
2 
 
1.07% 
 
3 mm dia. 
@75 mm 
(0.13%) 
 
Calvi et al. 
(2005) 
0.167 
0.07 
0.15 
0.14 
0.21 
3 1.77% 
3 mm dia. 
@75 mm 
(0.25%) 
 
* 1 mm = 0.039 in. 
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Table 5-2: Material models inputs 
Concrete 
Elastic 
Young’s Modulus (ksi) 3800 
Poisson’s Ratio 0.2 
Plasticity 
Dilation Angle (degree) 32 
Eccentricity 0.1 
fb0/fc0 1.16 
k 0.666 
Viscosity Parameter 0 
Compressive Behavior 
Yield Stress (psi) Inelastic Strain (in/in) 
1600 
2400 
3500 
4500 
4490 
4300 
3900 
3450 
2850 
2200 
1750 
1400 
400 
0 
0.000105 
0.00032 
0.000823 
0.00196 
0.0031 
0.0052 
0.0079 
0.0123 
0.0188 
0.0245 
0.0295 
0.0495 
Tensile Behavior 
Yield Stress (psi) Plastic Strain (in/in) 
530 
450 
0 
0.008 
 
Reinforcing steel 
Elastic 
Young’s Modulus (ksi) 29000 
Poisson’s Ratio 0.3 
Plastic 
Yield Stress (ksi) Plastic Strain (in/in) 
60 
68 
90 
80 
1 
0 
0.02 
0.08 
0.25 
0.3 
* 1 ksi = 6.89 Mpa 
  
  
 
1
6
9
 
Table 5-3: Analyses Matrix 
(a) Confinement configurations 
Section 
Solid 1.2 in. wall thickness 2 in. wall thickness 
One layer of 
confinement (a) 
One layer of 
confinement (b) 
Two layers of confinement 
with cross-ties (c) 
One layer of 
confinement (b)  
Two layers of confinement 
with cross-ties (c) 
Inner layer of lateral 
reinforcement dia. (in.) 
- - 0.15 - 0.15 
Outer layer of lateral 
reinforcement dia. (in.) 
0.16 0.208 0.15 0.208 0.15 
Cross-ties dia. (in.) 0.16 - 0.15 - 0.15 
Transverse reinforcement 
volumetric ratio (%) (gross 
concrete area) 
0.57% 0.57% 1% 0.57 1% 
Lateral reinforcement 
configuration 
 
* 1 in. = 25.4 mm 
 
(a) (b) (c) 
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Table 5-3 continued 
(b) Wall thickness 
Lateral reinforcement 
configuration 
d' (in.) d (in.) t (in.) t/d 
Lateral 
reinforcement bar 
area, in.2 (mm2) 
Lateral reinforcement 
volumetric ratio, gross (net) 
 
9.6 12 1.2 0.1 0.034 (22.22) 0.57% (2.83%) 
9 12 1.5 0.125 0.034 (22.22) 0.57% (2.27%) 
8.4 12 1.8 0.15 0.034 (22.22) 0.57% (1.89%) 
8 12 2 0.167 0.034 (22.22) 0.57% (1.7%) 
7.8 12 2.1 0.175 0.034 (22.22) 0.57% (1.62%) 
7.2 12 2.4 0.2 0.034 (22.22) 0.57% (1.42%) 
 
(c) Confinement reinforcement amount 
Lateral reinforcement 
configuration 
d' (in.) d (in.) t (in.) t/d 
Lateral 
reinforcement bar 
area, in.2 (mm2) 
Lateral reinforcement 
volumetric ratio, gross (net) 
 
8 12 2 0.167 0.024 (15.48) 0.4% (1.2%) 
8 12 2 0.167 0.034 (22.22) 0.57% (1.7%) 
8 12 2 0.167 0.044 (28.39) 0.73% (2.2%) 
 
(d) Proportion of inner to outer confinement amount 
Lateral reinforcement 
configuration 
Proportion of outer lateral 
reinforcement to inner lateral 
reinforcement amount 
Outer lateral reinforcement 
bar area, in.2  
Inner lateral reinforcement 
bar area, in.2  
 
5:5 0.017  0.017 
6:4 0.0204  0.0136  
7:3 0.0238 0.0102  
8:2 0.0272  0.0068  
9:1 0.0306  0.0034  
10:0 0.034 0  
 
  
(b) 
(c) 
(b) 
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Table 5-3 continued 
(e) Wall thickness 
Lateral reinforcement 
configuration 
d' (in.) d (in.) t (in.) t/d 
Lateral 
reinforcement bar 
area, in.2 (mm2) 
Lateral reinforcement 
volumetric ratio (%), gross 
(net) 
 
9.6 12 1.2 0.1 0.017 (11.11) 1% (4.96%) 
9 12 1.5 0.125 0.017 (11.11) 1% (3.97%) 
8.4 12 1.8 0.15 0.017 (11.11) 1% (3.3%) 
8 12 2 0.167 0.017 (11.11) 1% (2.98%) 
7.8 12 2.1 0.175 0.017 (11.11) 1% (2.83%) 
7.2 12 2.4 0.2 0.017 (11.11) 1% (2.48%) 
* d' is the inner diameter of hollow sections, d is the outer diameter of hollow sections and t 
represents the wall thickness 
* 1 in. = 25.4 mm 
 
Table 5-4: Recommendations of confinement reinforcement for different wall 
thickness of square hollow columns 
Section 
type 
Wall thickness-to-
section length ratio (β) 
One layer of lateral 
reinforcement 
Two layers of lateral 
reinforcement with cross-ties 
Hollow 0.1   
Hollow 0.125  
 
5:5 
Hollow 0.15  
 
5:5 
Hollow 0.1667  
 
5:5 
Hollow 0.175  
 
5:5 
Hollow 0.2  
 
5:5 
Solid    
 
 
  
(c) 
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(a) Uniaxial compression behavior of concrete 
 
(b) Uniaxial tension behavior of concrete 
Figure 5-1: The input concrete material model in ABAQUS 
 
  
Figure 5-2: The boundary and loading conditions of a modeled 2 in. wall hollow section under 
concentric axial compression 
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Figure 5-3: Comparisons of the derived analytical axial stress vs. strain relationship of 
concrete and the Mander’s model prediction 
  
(a) In uniaxial direction 
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(b) In transverse direction 
Figure 5-4: The derived concrete behavior (a) in uniaxial direction and (b) transverse direction 
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Figure 5-5: Comparisons of analytical axial stress vs. strain relationship of concrete and 
experimental results for two types of lateral reinforcement arrangements 
 
 
(a) 2-in. wall thickness 
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(b) 1.2-in. wall thickness  
Figure 5-6: Concrete behavior comparisons in uniaxial direction among different confinement 
configurations  
 
  
(a) One layer of lateral reinforcement 
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(b) Two layers of lateral reinforcement with cross-ties 
Figure 5-7: Radial concrete stress with respect to each concrete layer for 2 in. wall hollow 
sections at different strain levels 
 
 
Figure 5-8: Concrete behavior comparisons in uniaxial direction with different wall 
thicknesses for hollow sections with one layer of confinement under the given transverse 
reinforcement amount 
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Figure 5-9: Comparisons of effective concrete dilation for different wall thickness  
 
 
Figure 5-10: Confined concrete behavior comparisons in uniaxial direction for hollow sections 
with different confinement reinforcement amount 
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Figure 5-11: Concrete dilation comparisons for hollow sections with different confinement 
reinforcement amount at 0.005 in/in axial concrete compressive strain 
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(b) t/d = 0.167 
Figure 5-12: Axial stress vs. axial strain behavior comparisons for different wall thicknesses 
with different ratios of inner to outer confinement amount 
 
Figure 5-13: Axial stress vs. axial strain behavior comparisons for hollow sections with two 
layers of lateral reinforcemetn and cross-ties 
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 USE OF UNSTRESSED STRANDS IN CONNECTIONS OF PRECAST 
CONCRETE MEMBERS 
A modified version of a paper to be submitted to the PCI Journal or similar journal 
Xiao Liang 1 and Sri Sritharan 2 
1Ph.D. Candidate, Iowa State University, Ames, IA 50010 
2Wilson Engineering Professor, Iowa State University, Ames, IA 50010 
6.1 Abstract 
Precast concrete members need to be connected effectively to form an integral 
structural system. Although different types of connection have been promoted, the 
fundamental structural performance has not been adequately investigated and the design 
specifications are not well established. Use of unstressed strands extending from the end of 
precast concrete members provides a cost effective and practical solution to reinforce the 
connection region, especially for precast bridge girder application. This paper focuses on 
utilizing unstressed strands for the design of connections between precast concrete members. 
With the limited understanding regarding bonding of unstressed strands, an experimental 
program based on pullout tests was designed to investigate the fundamental load transfer 
characteristics of unstressed strands anchored in grout or concrete. A total of twenty pullout 
tests were conducted with the strand diameter, anchorage details, embedment length, and 
loading types as the main investigated variables.  The strand stress and loaded-end 
displacement relationship was developed and the bond stress of unstressed strands was 
examined. The results of this research provided qualitative embedment length requirements to 
design connections between precast concrete members utilizing unstressed strands.  
Key words: Unstressed strand; connection; anchorage; bond stress; strain distribution. 
6.2 Introduction 
Prefabricated construction technique using precast concrete members is known to 
effectively reduce the construction time in the field and environmental impact. It also improves 
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workers’ safety. The precast concrete members are generally fabricated off-site and connected 
on-site to form an integral structural system. Therefore, designing effective and constructible 
field connections for the precast concrete members is essential to ensure satisfactory 
performance of structures designed with precast members.  
In the current industry practice, dry and wet connections are used to connect precast 
concrete members. A wet connection means the reinforcement in the connection region is 
spliced with mechanical couplers, welds, or lap splices, and filled with grout or concrete, while a 
dry connection is defined as any other connection that is not a wet connection (Stevens and 
Harris, 2006). Although not used frequently, extending the prestressing strands used within the 
precast concrete members into the connection region provides a cost-effective and practical 
wet connection for the following reasons. First, the strands are flexible and thus they are easily 
routed and positioned within the connection. Second, the strands have a high tensile strength, 
requiring significantly smaller numbers of them for the same connection capacity when 
designed with mild reinforcing bars. Third, use of available strands by extending them from the 
end of precast concrete members instead of embedding additional reinforcing bars eliminate 
any congestion resulting from placing additional reinforcing bars.  
The prestressing strand extending beyond the precast girder into the connection region 
is typically unstressed after the initial prestressing force is released. Although the use of 
unstressed are permitted in design, the maximum allowable stress in these strands is limited to 
0.8 Z at the service limit state, where Z is the ultimate stress, according to AASHTO LRFD 
Bridge Design Specifications. Furthermore, the structural performance has to be validated to 
achieve the requirements. A similar limit is also imposed by ACI 318-14, which sets the 
permissible stress to be 80% of the ultimate stress. 
This paper investigates the use of unstressed strands as the connection reinforcement 
between precast concrete members. Both unstressed strands extended from precast members 
and those placed within grouted ducts are considered. Although the specific focus of the study 
is on establishing positive moment connections between precast girders and a cap beam for 
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seismic applications, the outcomes of this study can be used in other scenarios involving 
precast members and wet connections. 
6.3 Previous Research and Limitations 
In order to examine the use of unstressed, bonded strands as connection reinforcement 
of precast concrete members, especially for precast concrete bridge girder application, previous 
researchers have studied the bond characteristics of unstressed strands through pullout tests 
and the performance of connection details through large-scale system tests. 
In the mid-70s, Salmons and McCrate performed pullout tests to examine the bond 
characteristics of unstressed strands with three different configurations: straight unfrayed, 
straight frayed, and bent unfrayed. The test strands were embedded with different embedment 
lengths in concrete. The concrete strength was in a range of 3750 to 6900 psi (25.86 to 47.57 
MPa). The relationships between the strand stress and slip at the loaded end were established, 
and the relationships between the embedment length and strand stress at the general slip were 
formulated based on a least square fit of the data for the three strand configurations. The 
general slip was defined as the point where slip at the unloaded end of a strand is sufficient to 
produce a readable measurement. It was reported that the bent unfrayed strands produced the 
highest strength and stiffness, followed by the straight unfrayed strands. The straight frayed 
strands showed the lowest strength and stiffness. Additionally, concrete strengths and strand 
diameters were not found to have any obvious effect on the bonding characteristics of 
unstressed strands. Since the scope of this study was not to determine the ultimate capacity of 
unstressed strands, the condition of general slip was used to terminate the load-displacement 
relationships. Therefore, the load-displacement response beyond the general slip condition up 
to the ultimate strength of strands was not developed. 
Noppakunwijai et al. (2002) focused on pullout tests of unstressed bent strands. The 
setup replicated a connection region between two adjacent precast concrete girders as used in 
practice in non-seismic regions. They evaluated the pullout capacity of 0.5 in. and 0.6 in. (12.7 
mm and 15.2 mm) diameter, Grade 270 low relaxation, unstressed bent strands with various 
embedment lengths in concrete with a specified compressive strength of 4000 psi (28 MPa). 
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The embedment length was defined as the summation of horizontal embedment length (i.e., 
distance from the end face of the precast I-girder to the centerline of the vertical leg of the 
extended strand) and vertical embedment length (i.e., vertical portion of the extended bent 
strand in diaphragm). It was found that the pullout capacity increases with the increase of total 
embedment length. For a fixed horizontal embedment length [i.e., 6 in. (152 mm)] that 
complies with common diaphragm dimensions, a design equation was developed for the 
vertical embedment length to achieve the maximum strand stress, which is conservatively 
taken as 80% of the specified strand strength.  Based on this design equation, a minimum total 
embedment length of 30 in. (762 mm) and 36 in. (889 mm) was recommended for 0.5 in. (12.7 
mm) and 0.6 in. (15.2 mm) diameter strands, respectively, for a concrete compressive strength 
of 4000 psi (28 MPa).  
Based on the findings reported by Salmons and McCrate (1977), Miller et al. (2004) 
systematically investigated the performance of six positive moment connection details to resist 
the positive cracking moment of the composite cross section, two of which used extended 
unstressed strands. The experimental results showed that extended strand connections 
developed adequate strength. In order to further validate the connection performance, a full-
scale of 100-ft. (30.5 m)-long, continuous-for-live-load precast girder using extended strand 
connection, with a composite concrete deck slab cast on top, was tested. Figure 6-1 shows the 
unstressed bent strand connection detail. Although many states across the U.S. use bent-strand 
type of connections, the AASHTO LRFD Bridge Design Specifications do not provide specific 
requirements for strand anchorage. Therefore, the bent-strand connection detail in this study 
was designed based on equations developed by Salmons and McCrate (1977). Large scale 
experimental testing verified that the extended bent-strand type of connection provided a 
sufficient positive cracking moment (Miller et al., 2004). However, the test stopped before 
experiencing any failures, as this system was also used to test the negative moment capacity. 
The connection detail studied by Miller et al. (2004) was designed to resist positive 
moment caused primarily by time-dependent effects, such as creep, shrinkage and temperature. 
However, the ability to build quality and efficient bridges using precast components is also 
preferred in seismic regions, where the positive moment demand of connection is significantly 
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greater than the cracking moment caused by time-dependent effects. Inverted-T bent cap-to-
precast I-girder connection is one of the widely-used connection details in the state of 
California. The current Caltrans’ Seismic Design Criteria assumes this connection to be degraded 
to a pinned connection in a seismic event, which makes precast I-girder bridges in seismic 
regions inefficient. Snyder et al. (2011) studied the seismic response and overall moment 
capacity of this type of connection. It was found that the as-built inverted-T bent cap-to-precast 
I-girder connection was able to act as a fully continuous connection and develop sufficient 
moment capacity to ensure formation of plastic hinges at both top and bottom of columns 
when subjected to seismic loading.  
Large-scale testing validated that integral column/superstructure details for precast 
spliced girders are able to resist longitudinal seismic loads effectively. To design cost-effective 
and easily-implemented connections, two concepts shown in Figure 6-2 have been suggested. 
Unstressed strands are either placed in grouted ducts through the entire cap beam or anchored 
within the cap beam (Vander Werff et al., 2015). Figure 6-2 (a) shows the connection where 
unstressed strands run continuously along the length of each girder and through the cap from 
one end of the structure to the other. Figure 6-2 (b) shows two example connections where 
unstressed strands are anchored within the cap beam with 90-degree bent and with end plate 
anchorage. To complement this effort, an experimental program based on pullout tests was 
designed to understand the load transfer characteristics of unstressed strands used as 
connection reinforcement for precast concrete members. A total of twenty strands were 
embedded in three large-scale concrete blocks that were used to simulate bridge cap beams. 
The main investigated variables were strand diameter, anchorage detail at the strand end, 
embedment length, and loading type. These strands were expected to be loaded up to their 
ultimate stress, to develop the entire load-displacement relationship. With the outcomes of the 
experimental study, the understanding of bond characteristics for unstressed strands is 
significantly improved and a series of design recommendations has been made regarding use of 
unstressed strands as connection reinforcement for precast concrete members. The research 
results will also support the ongoing large-scale testing of the seismic performance of girder-to-
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cap connections for accelerated bridge construction of integral bridges (Vander Werff et al., 
2015).  
6.4 Experimental Program 
Two series of pullout tests were designed to study the load transfer characteristics of 
unstressed strands that were embedded inside a concrete block. The concrete block was 
designed to represent a bridge cap beam. Test series one was developed for grouted, 
unstressed strands, which simulated the connection that unstressed strands were placed along 
the length of each girder and through the cap from one end of the structure to the other.  Test 
series two was developed for unstressed strands bonded to concrete directly, which simulated 
the connection that extended, unstressed strands were anchored inside the cap beam.  
Pullout tests were performed on three single concrete blocks.  The concrete block, 
measured by 11 ft (3.35 m) by 16.5 in. (419 mm) by 48 in. (1.2 m), was designed to replicate the 
bottom portion of a typical inverted-T cap beam used in the state of California (red block in 
Figure 6-3 ), which was designed following the Caltrans Seismic Design Criteria (SDC). For test 
series one, the pullout tests were conducted on 0.375 in. (9.5 mm) diameter strands with four 
investigated variables: initial stress, curved tendon curvature, monotonic versus cyclic loading, 
and single versus two strands per duct. For the case where a girder would have had to pass 
directly through the center of the column, the ducts were typically placed around the column 
instead of running straightly through the cap beam due to the highly congested reinforcement 
in the cap beam and in the vicinity of the column. Therefore, the ducts had to be bent to 
accommodate this configuration. The strand with curved tendon curvature was used to 
simulate this strand configuration.  
For test series two, the pullout tests were conducted using three sizes of strands [i.e., 
0.375 (9.5), 0.5 (12.7), and 0.6 (15.2) in. (mm) diameter] and two loading types (i.e., monotonic 
and cyclic loading). These strands were embedded in the concrete block with four different 
anchorage details at the strand end: straight, 90-degree bent, bond head, and end plate.  
Strands with straight anchorage were embedded along the entire length of the concrete block. 
Strands with 90-degree bent were designed with a 6 in. (0.15 m) pre-bent length for 0.375 in. 
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(9.5 mm) diameter strands, which gave a total embedment length of 42 in. (1.07 m). This pre-
bent length was consistent with the study by Salmons and McCrate (1977). A greater pre-bent 
length of 8 in. (0.2 m) was studied for 0.5 in. (12.7 mm) diameter strands in this research, which 
corresponded to a total embedment length of 56 in. (1.42 m). For the bond head anchorage, 
the strand wires are plastically deformed in the area of the bond head, which was expected to 
provide anchorage through bond strength of deformed strand wires to surrounding concrete. 
For the strands anchored with end plate, the bearing plate was designed to be 4 in. (101.6 mm) 
by 4 in. (101.6 mm) by 5/8 in. (15.9 mm) thick. The strand chuck was attached to the bearing 
plate using tack welding. Strands with bond head and end plate anchorage were tested with 
significantly shorter embedment length, which ranged from 18 in. (457.2 mm) to 30 in. (762 
mm). 
Figure 6-4 shows the pullout test setup. The concrete block was supported by two I-
shaped steel beams at each end and was post-tensioned to the floor through high-strength 
threaded rods. A movable steel frame was adopted to test the strands one by one, in an effort 
to avoid the effect of loading frame on the behavior of test strands. After finishing the pullout 
tests for test series one, a different test setup was used for test series two. This is because the 
researchers found that the compression force applied by the loading frame to the concrete 
block did not have a significant effect on the behavior of strand pulling out. Therefore, a 
portable setup using a steel chair was designed. This setup was easy to move among different 
tests. For both test series one and two, the strands were pulled out of the concrete block using 
a capacity hydraulic ram. 
The minimum spacing between two strands was selected to be 18 in. (0.46 m) to avoid 
the development of splitting cracks between strands. The strands were loaded until 
experiencing pull-out or rupture failure. Although the girder-to-cap connection should be 
designed to remain elastic even in the highest seismic demands and the inelastic behavior 
should be limited to the plastic regions in the column based on the capacity design philosophy, 
the intent of the experimental tests conducted in this study was to examine the connection 
behavior well beyond the elastic limit and up to the ultimate capacity.  
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Table 6-1 provides a summary of the pullout tests performed in this study. The strands 
were assigned an identification name according to the investigated parameters. The first letter 
C or G defined whether the strand was embedded in concrete or in ducts filled with grout. If the 
strand was embedded in concrete, the next letter D and the number immediately following the 
letter D represented the strand diameter, with the number 3, 5, and 6 corresponding to a 
strand diameter of 0.375, 0.5, and 0.6 in. (9.5, 12.7 and 15.2 mm), respectively. The letter after 
the strand diameter indicated the anchorage type, with S, 90Deg, Bulb, and Plate representing 
straight, 90 degree bent, bond head, and end plate, respectively. The number immediately 
following the anchorage type represented the embedment length. The last letter C or M 
indicated the strand was subjected to cyclic or monotonic loading, respectively. For example, C-
D6-Plate18-M represents a 0.6 in. (15.2 mm) diameter strand embedded in concrete with an 
end plate anchorage, which has an embedment length of 18 in. (457.2 mm) and was subjected 
to monotonic loading. A similar naming convention applied to strands embedded in grouted 
ducts. The parentheses followed the loading type indicated parameters specifically tested for 
strands embedded in grouted ducts, with 1, 2, and I corresponding to single strand per duct, 
two strands per duct, and strand with initial stress, respectively.  
6.5 Test Procedure 
6.5.1 Instrumentation 
Load and displacement at the loading end of the strand were measured directly during 
each pullout test.  The load was measured using a load cell and the loaded-end displacement 
was measured using direct current displacement transducers (DCDTs).  For the strands 
anchored straightly along the entire length of the concrete block, DCDTs were used on both 
sides of the block to measure the displacement at the loading and free ends of the strands. For 
the strand anchored within the concrete block, DCDT was used on the loading end only. Besides 
the traditional displacement measurement device DCDTs, a 3D motion capture system was also 
used to measure the displacement at the loading end with an expected higher level of accuracy.  
The Optotrak Certus Motion Capture System was used in this study and the displacement of 
strands at target points was measured using the LED markers. Four LED markers were installed 
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on the strand beyond the bonded region. An additional LED marker was placed at the side 
surface of the concrete block to monitor the concrete block movement and another one was 
attached on the DCDT located at the loading end to calibrate the DCDT’s readings.  The data 
collection frequency of the data acquisition system was set to be 50 Hz. Figure 6-5 shows an 
example of DCDT and LED markers placed on strand beyond the bonded region at the loading 
end. The actual loaded-end displacement was calculated from the measured displacements and 
strains by subtracting the extension of the strand between the location of the displacement 
measurement and the surface of the concrete block. It was assumed that the strain measured 
at the loading end is constant over the length between the displacement measurement and the 
interface. 
Besides the strain gauges placed at the interface, several strain gauges were installed 
along the embedment length to monitor the load transfer along the bonded region. Table 6-2 
presents the strain gauge locations along the embedment length.  For the strands anchored 
with 90-degree bent, one strain gauge was installed at the bent location and two strain gauges 
were placed with an equal distance from this strain gauge at pre-bent and straight bonded 
region. For the strand in grouted ducts, which was tested with an initial stress, the strain gauges 
were installed 0.25 in. (6.4 mm) below the target locations to account for the effect of initial 
stress. At each location, two strain gauges were installed at opposite faces of the strand to 
increase the measurement reliability. 
6.5.2 Loading protocol 
In the monotonic experiments, the strand was pulled out under increasing monotonic 
tension forces under force control before yielding and then switched to displacement control 
until test completion. The load was applied in four steps in the elastic range and in a number of 
displacement steps after the strand yielded, with the displacement adjusted during each load 
step. In the cyclic experiments, the strand was loaded and subjected to a half cycle of each 
specified force level in the elastic range and then loaded and subjected to three half cycles of 
each target loaded-end displacement until it experienced rupture or pull-out failure. 
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6.6 Experimental Results 
Table 6-3 summarizes the pullout test results, which includes the strand stress at first 
free-end slip, strand stress at first wire fractured, maximum strand stress, peak load, failure 
mode, and number of wires fractured when the test was completed for each strand. In the 
following sections, the experimental results for strands embedded in grouted ducts will be 
presented first, followed by the experimental results for strands bonded to concrete. After that, 
the behavior of strands embedded in grouted ducts and concrete will be compared and 
discussed. Finally, the anchorage capacity for the four anchorage details being considered in 
this research will be discussed. 
6.6.1 Strands embedded in grouted ducts 
6.6.1.1 General behavior and failure modes  
Among the five strands embedded in grouted ducts, two of them experienced pull-out 
failure, which are the strand with initial stress and the single strand per duct subjected to 
monotonic loading. The remaining three strands experienced rupture failure. For all five strands 
embedded in grouted ducts, the stress at the first wire fracture is around 230 ksi (1586 MPa) 
and the peak load is approximately 20 kips (89 kN).  
6.6.1.2 Response of strand stress versus loaded-end displacement  
Figure 6-6 shows the relationship between the strand stress and loaded-end slip for 
strands anchored in grouted ducts. According to this figure, it is interesting to observe that the 
single strand per duct performed better for cyclic loading than monotonic loading. The poor 
behavior of the strand subjected to monotonic loading may be due to that the grout was not 
fully bonded to the strand. The failure of the strand subjected to cyclic loading was 
characterized by the strand rupture, which verified that a 0.375 in. (9.5 mm) diameter strand 
could be fully developed with 48 in. (1.2 m) straight embedment length in grout. Placing two 
strands per duct also behaved favorably with the failure controlled by strand rupture, which did 
not seem to deteriorate the bond between the strands and surrounding grout as expected. In 
addition, applying initial stress seems to be detrimental to the bond capacity of unstressed, 
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grouted strands, which caused the strand to experience pull-out failure. The strand with curved 
tendon curvature, which was used to simulate the case where a precast girder passed directly 
through the center of the column and the ducts were placed around the column, performed 
satisfactorily. This observation implied that this curved duct configuration provided sufficent 
anchorage and the 0.375 in. (9.5 mm) diameter strand was fully developed wtihin the 60 in. (1.5 
m) curved embedment length.  
6.6.1.3 Strain distribution along the embedment length  
Due to the poor behavior presented by the single strand per duct subjected to 
monotonic loading, which may not represent the behavior of unstressed strands in grouted 
ducts, the strain distribution along the embedment length was examined based on the data 
obtained from the pullout test conducted on the two strands per duct subjected to monotonic 
loading. Four strain gauges were placed along the embedment length and Figure 6-7 presents 
the strain distribution at stress levels ranged from 25 ksi (172 MPa) to 225 ksi (1551 MPa). 
Based on this figure, the strain penetrates to 24 in. (0.6m) embedment length when the strand 
stress reaches 125 ksi (862 MPa). At different stress levels, the strain distribution along the 
embedment length is almost parallel to each other. Therefore, it is reasonable to assume 
constant bond stress between the strand and surrounding grout within the embedment length.  
6.6.2 Strands embedded in concrete 
6.6.2.1 General behavior and failure modes  
For the strands embedded in concrete, the strands anchored with bond head and end 
plate had a significantly shorter embedment length compared to the straight strands anchored 
along the entire length of the concrete block. The embedment length for the strands anchored 
with 90-degree bent was reduced compared to the straight strand, but was not as significant as 
the bond head and end plate anchorage details. The strands anchored with end plate and 90-
degree bent experienced strand rupture failure, while the strands with bond head anchorage 
experienced pull-out failure. For the strands that experienced rupture failure, the maximum 
strand stress was approximately 270 ksi (1862 MPa). 
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6.6.2.2 Response of strand stress versus loaded-end displacement  
Figure 6-8 compares the strand stress versus loaded-end displacement relationships of 
0.375 in. (9.5 mm) diameter straight strands.  The strands were embedded along the entire 
length of the concrete block and subjected to monotonic and cyclic loading, respectively. Figure 
6-8 shows that 54 in. (1.4 m) straight embedment length is sufficient for the 0.375 in. (9.5 mm) 
diameter strand subjected to monotonic loading. However, the strand with the same anchorage 
experienced significant free-end displacement under the cyclic loading. This is because the 
cyclic loading gradually deteriorated the bond between the strand and surrounding concrete. 
Therefore, the tension force was transferred to the surrounding concrete through the entire 
embedment length, resulting in free-end displacements.  
For 90-degree bent anchorage, the 0.375 in. (9.5 mm) diameter strands had a total 
embedment length of 42 in. (1.07 m) including a 6 in. (0.15 m) pre-bent length, while the 0. 5 in. 
(12.7 mm) diameter strands had a total embedment length of 56 in. (1.42 m) including an 8 in. 
(0.2 m) pre-bent length. The strands were tested under monotonic and cyclic loadings. Figure 
6-9 shows the strand stress versus loaded-end displacement responses of 0.375 in. (9.5 mm) 
diameter strands.  Based on this figure, the embedment length and pre-bent length designed 
for the strands tested in this study is sufficient to withstand both monotonic and cyclic loading. 
At a given strand stress, the strand subjected to cyclic loading experienced more loaded-end 
displacement, compared to monotonic loading. Similar responses were also obtained for the 
0.5 in. (12.7 mm) diameter strands. 
The effect of strand diameter on the relationship between the strand stress and the 
displacement at the loading end was studied and Figure 6-10 presents the results for straight 
strands and 90-degree bent strands. As shown, 54 in. (1.4 m) straight embedment length is not 
sufficient for the 0.6 in. (15.2 mm) diameter strand to be fully developed, when subjected to 
monotonic loading. When the strand stress reaches 230 ksi (1586 MPa), the loaded-end 
displacement continues to increase, along with a continuous decrease of strand stress. This 
indicated that the strand stress completely transferred to the free end of the strand as the 
strand stress reached 230 ksi (1586 MPa) for the 0.6 in. (15.2 mm) diameter straight strand. 
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Although the 0.5 in. (12.7 mm) diameter strand anchored with 90-degree bent failed due to 
strand rupture, it experienced significantly greater displacement compared to the 0.375 in. (9.5 
mm) diameter strand, especially after the strand stress reached 200 ksi (1379 MPa).  
It was expected that using bond head anchorage could reduce the required embedment 
lengths. Therefore, strands with significantly shorter embedment length were tested. To 
examine the bond strength of plastic deformed wires to surrounding concrete, two strands 
without embedment length were also tested for both monotonic and cyclic loading. Figure 6-11 
shows the strand stress-displacement relationships for different embedment lengths. As shown 
in this figure, all strands experienced significant displacement at the loading end and the failure 
was controlled by strand pull-out. For the same embedment length of 18 in. (0.46 m), the 
strands behaved differently. Therefore, the bond head detail cannot provide dependable 
anchorage. The capacity may be highly dependent on how well the wires at the bond head are 
bonded to the surrounding concrete. Due to the configuration of the bond head, it is difficult to 
vibrate the concrete thoroughly at the bond head location. Therefore, the anchorage coming 
from the bond strength of plastic deformed wires cannot be guaranteed.  
Compared to the behavior of strands anchored with the bond head, the strands 
anchored with the end plate performed significantly better. Figure 6-12 compares the behavior 
of strands anchored in concrete with the end plate for different embedment lengths. All the 
strands with the end plate anchorage failed due to the rupture of strand wires. This indicates 
that the end plate anchorage can provide sufficient anchorage with significantly reduced 
embedment length. However, it seems that different embedment length does not considerably 
affect the behavior of strands with end plate anchorage. One possible reason is because most 
of the force is transferred through the plate instead of the bond between the strands and 
surrounding concrete.  
6.6.2.3 Comparisons among anchorage types  
This section compares and discusses the behavior of strands with different anchorage 
details in concrete. Figure 6-13 compares the relationship between the strand stress and 
loaded-end displacement for the 0.375 in. (9.5 mm) and 0.6 in. (15.2 mm) diameter strands 
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with different anchorage types. Compared to straight anchorage, the strand with the 90-degree 
bent can reach a higher capacity at the given loaded-end displacement. Additionally, using 90-
degree bent can reduce the embedment length while maintaining the satisfactory performance. 
For the 0.6 in. (15.2 mm) diameter strands with 24 in. (0.6 m) embedment length, the strand 
anchored with end plate behaves considerably better than the bond head anchorage, which 
experiences a significantly shorter elongation at the interface between the strand and the 
concrete blcok, and also reaches a much higher capacity.  
6.6.2.4 Strain distribution along the embedment length  
Figure 6-14 presents the measured strain distribution along the embedment length for 
the strands anchored in concrete at different stress levels. The strain at 52 in. (1.3 m) 
embedment length or 39 in. (1 m) embedment length from the loaded end shown in Figure 
6-14 (a) and Figure 6-14 (b) represents the strain measured at the center of the pre-bent length 
for the 0.5 in. (12.7 mm) and 0.375 in. (9.5 mm) diameter strands. Different from the 0.5 in. 
(12.7 mm) diameter strand, where the strain measured at the pre-bent length is approximately 
zero during the entire loading process, the strain measured at the pre-bent length for the 0.375 
in. (9.5 mm) diameter strand starts to increase when the applied strand stress reaches 200 ksi 
(1379 MPa). This observation indicated that the 0.375 in. (9.5 mm) diameter strand 
experienced local slip at the bent location. Based on the measured strain distribution shown in 
Figure 6-14 (a) and Figure 6-14 (b), the strain penetrates to 44 in. (1.1 m) embedment length for 
the 0.5 in. (12.7 mm) diameter strand when the strand stress reaches 150 ksi (1034 MPa), while 
the strain penetrates to 33 in. (0.8 m) embedment length for the 0.375 in. (9.5 mm) diameter 
strand when the strand stress reaches 175 ksi (1207 MPa). Figure 6-14 (c) and Figure 6-14 (d) 
shows the measured strain distribution along the embedment length for the strands anchored 
with bond head and end plate. For the 0.6 in. (15.2 mm) diameter strand, the strain penetrates 
to 9 in. (0.23 m) embedment length when the strand stress reaches 25 ksi (172 MPa). At the 
anchorage location, which is 18 in. (0.46 m) embedment length from the loading end shown in 
Figure 6-14 (c) and Figure 6-14 (d), the strands with both bond head and end plate anchorage 
experience large strains. Therefore, the force transferred at this location is primarily taken by 
the anchorage details. Similar to the strand embedded in grouted ducts, the strain distribution 
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at each stress level is also almost parallel to each other. Therefore, it is reasonable to assume 
constant bond stress between the strand and surrounding concrete within the embedment 
length studied in this paper.  
6.7 Anchorage Comparison Between Grout and Concrete 
Figure 6-15 (a) compares the behavior of the 0.375 in. (9.5 mm) diameter straight 
strands embedded 54 in. (1.4 m)  in concrete and 48 in. (1.2 m) in grout. From this figure, 54 in. 
(1.4 m) straight embedment length is not adequate to fully develop the strand in concrete 
subjected to cyclic loading. However, the strand embedded in grouted ducts with a shorter 
embedment length [48 in. (1.2 m)] could be fully developed. This observation indicates that 
grout provides a better anchorage than concrete, which can be explained because the duct 
provides additional confining pressure to the strand. Figure 6-15 (b) shows the behavior of 
0.375 in. (9.5 mm) diameter strands with curved tendon curvature [42 in.(1 m) embedment 
length with 90 degree strand curvature for the strand embedded in concrete and 60 in. (1.5 m) 
curved embedment length for the strand embedded in grouted ducts]. Both strands could be 
fully developed within the curved embedment length. Compared to the strand embedded in 
concrete with 90-degree bent, the strand anchored in grout with a greater curved embedment 
length presents a better response with a higher capacity and much smaller displacement at the 
interface between the strand and the concrete block. 
6.8 Anchorage Capacity 
Based on the strains measured at the anchorage location, the force transferred through 
the anchorage can be calculated as defined in Eq. (1) and the force transferred through the 
bond can then be calculated by subtracting the force taken by the anchorage from the total 
applied force (Eq. (2)).  
     ¬­ =  9­s      (1) 
     ¬ =  ¬ − ¬­      (2) 
where, 
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9­ = measured strand at the anchorage location 
s = nominal modulus of elasticity of strand 
 = nominal cross sectional area of strand 
¬ = total applied force 
¬ = force transferred through the bond 
¬­ = force transferred through the anchorage 
Before the strain penetrated to the anchorage location, almost all the force was 
transferred through the bond between the strand and surrounding concrete. Table 6-4 shows 
the total force transferred through anchorage and bond for different anchorage types after the 
strains penetrated to the anchorage location. Figure 6-16 presents the percentage of the total 
force transferred through the bond and the anchorage as a function of strand stress. According 
to this figure, the force is primarily transferred through bond for the strands anchored with 90-
degree bent, while the force is mainly transferred through anchorage for the strands anchored 
with end plate.  
6.9 Analytical Program 
The analytical model in this study was based on a one-dimensional finite element 
analysis. The strand within the embedment length was divided into a discrete number of small 
elements.  Based on the experimental measured strain distribution for strands anchored in 
grout or concrete with different anchorage types, a linear strain distribution along the 
embedment length was assumed. The strand stress, the local slip and the bond stress variations 
along the embedment length could therefore be calculated based on the force equilibrium and 
compatibility conditions.  
The analytical model incorporates three basic elements: (1) a stress-strain relationship 
for the strand (Figure 6-17), (2) a linear strain distribution along the embedment length, and (3) 
force equilibriums and compatibility conditions. 
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The analytical model assumed that the anchorage was sufficient to fully develop the 
strand studied in this paper, which meant that the local slip at the anchorage location was 
assumed to be zero. However, based on the measured strain distribution for the 0.375 in. (9.5 
mm) diameter strand anchored in concrete with 90-degree bent [Figure 6-14 (b)], the strains 
penetrated to the pre-bent length. Therefore, the embedment length for this strand was 
considered as the entire embedment length of 42 in. (1 m) in the analytical study, rather than 
36 in. (0.9 m).  
Figure 6-18 shows the comparison between the assumed and measured strain 
distribution along the embedment length at different stress levels. Based on this assumed 
strain distribution, the derived analytical strand stress and loaded-end displacement 
relationship for the strands anchored in concrete with different anchorage types was compared 
to the experimental measured response in Figure 6-19. According to this figure, the analytical 
model used in this study can represent the measured responses fairly accurately, except for the 
strand anchored with the bond head. The analytical loaded-end displacement is significantly 
smaller than the measured one.  The difference starts to occur as the strand stress reaches 100 
ksi (689 MPa) and it becomes greater as the strand stress continues to increase. This difference 
was believed to come from the local slip at the bond head location, which was verified 
according to the experimental data.  
The experimental measured strain distribution verified a linear strain distribution along 
the embedment length as discussed in Section 6.6. Therefore, the bond stress is uniformly 
distributed along the portion of the embedment length before and after the strand yielded, 
then: 
     ¬ =  ®r¡¯      (3) 
where, 
¬ = force is transferred through the bond 
r = nominal diameter of strand 
¡ = bonded length of strand 
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¯ = bond stress  
To account for the effect of concrete compressive strength, the bond stress was 
normalized to a typical concrete compressive strength of 4500 psi (31 MPa).  Table 6-5 shows 
the back calculated bond stress values from the analytical study before the strand yielded. After 
the strand yielded, the bond stress reduced significantly. The ratio between the bond stress and 
the square root of concrete compressive strength was calculated and denoted as n in Table 6-5. 
The bond stress between the unstressed strand and surrounding concrete is recommended to 
be five times the square root of the concrete compressive strength.  
6.10 Conclusions 
The experimental and analytical study conducted in this research provided qualitative 
and quantitative measures to evaluate the load transfer characteristics of strands anchored in 
grout or concrete with different anchorage types. A summary of findings and recommendations 
drawn from the study are offered: 
• For strands embedded in grouted ducts, applying initial stress was detrimental to the 
bond capacity between the strand and surrounding grout.  
• Placing two strands per duct did not seem to deteriorate the bond capacity between the 
strand and surrounding grout. Forty-eight in. (1.2 m) bonded length was sufficient to 
transfer the force for straight strands embedded in grouted ducts up to the wire rupture. 
• Curved tendon curvature was beneficial to fully develop the strand embedded in 
grouted ducts and concrete. 
• For strands embedded in concrete, the end plate anchorage provided the best 
performance within the four anchorage options (i.e., straight, 90-degree bent, bond 
head, and end plate) studied in this research, as long as the strand chucks which 
included bearing plates, barrel anchors, and wedges were assembled favorably.   
• The end plate anchorage could reduce the bonded length of the strand significantly, 
while maintaining satisfactory behavior. The behavior of strands with this type of 
anchorage did not have a noticeable difference with various bonded lengths (18 in., 24 
in., and 30 in.). The measured strain data validated that the applied force is primarily 
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taken by the plate once the strain penetrated to the anchorage location and 18 in. (0.46 
m) bonded length is adequate to fully develop the strand with end plate anchorage. 
• The performance of the bond head anchorage is not reliable, which may be highly 
dependent on how well the plastically deformed wires were bonded to the surrounding 
concrete. The strand anchored with bond head anchorage experienced significant 
loaded-end displacement without fracturing the strand. Furthermore, the local slip at 
the bond head location started to occur as the strand stress reached 100 ksi (689 MPa). 
• Fifty-six in. (1.4 m) embedment length with eight in. (0.2 m) pre-bent length is sufficient 
for 0.5 in. (12.7 mm) diameter strands to be fully developed, subjected to both 
monotonic and cyclic loading. Similarly, forty-two in. (1 m) embedment length with six in. 
(0.15 m) pre-bent length is adequate for 0.375 in. (9.5 mm) diameter strands to be fully 
developed.  
• Based on the measured strain data in the experimental study, a linear strain distribution 
along the embedment length for strands anchored both in grout or concrete was 
assumed. The analytical relationship between the strand stress and displacement at the 
loading end matched well with the measured response, which verified the linear strain 
distribution assumption. 
• Based on the analytical study, the average bond stress normalized to 4500 psi (31 MPa) 
of concrete compressive strength is 335 psi (2.3 MPa), which results in a ratio of 5 
between the bond stress and the square root of concrete compressive strength with a 
standard deviation of 1.35. 
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Table 6-1: Experimental test matrix 
Strands embedded in concrete 
Strand diameter, in. Initial stress, ksi Development length, in. Loading history Anchorage type 
3/8 0 54 (straight) Monotonic No 
3/8 0 54 (straight) Cyclic No 
0.6 0 54 (straight) Monotonic No 
3/8 0 36+ 6 pre-bent length Monotonic 90-degree bent 
3/8 0 36+ 6 pre-bent length Cyclic 90-degree bent 
0.5 0 48+8 pre-bent length Monotonic 90-degree bent 
0.5 0 48+8 pre-bent length Cyclic 90-degree bent 
0.6 0 0 Monotonic Bond head 
0.6 0 0 Cyclic Bond head 
0.6 0 18 Monotonic Bond head 
0.6 0 18 Cyclic Bond head 
0.6 0 24 Cyclic Bond head 
  
 
2
0
2
 
Table 6-1 continued 
0.6 0 18 Monotonic End plate 
0.6 0 24 Cyclic End plate 
0.6 0 30 Cyclic End plate 
Strands embedded in ducts filled with grout 
3/8 0 48 (straight) Monotonic No 
3/8 0 48 (straight) Monotonic No 
3/8 25 48 (straight) Monotonic No 
3/8 0 60 (curved) Monotonic Curved 
3/8 0 48 (straight) Cyclic No 
Note: 1 in. = 25.4 mm; 1 ksi = 6.895 MPa  
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Table 6-2: Strain gauge locations along the embedment length 
Anchorage type Strain gauge locations 
Straight  
90-degree bent 
 
End plate 
 
Bond head 
 
Note: star represents the strain gauge location 
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Table 6-3: Experimental test results summary 
Specimen 
Strand stress at first 
free-end slip, ksi 
Strand stress at first 
wire fractured, ksi 
Maximum strand 
stress, ksi 
Peak load, 
kips 
Failure mode Fractured wires 
Anchorage 
type 
C-D3-S54-M 
No free-end slip was 
observed 
245 270 20.8 
Strand 
rupture 
5 
Straight C-D3-S54-C 
140 
(1st cycle to 12 kips) 
[161.54 ksi (Salmons 
and McCrate,1977)] 
No wire was 
fractured 
234 20 Bond failure 0 
C-D6-S54-M 230 
No wire was 
fractured 
230 50 Bond failure 0 
C-D3-90Deg42-M - 260 260 22 
Strand 
rupture 
4 
90-degree 
bent 
C-D3-90Deg42-C - 257 257 22 
Strand 
rupture 
4 
C-D5-90Deg56-M - 279 281 43  
7 
(1+6 at the same 
time) 
 
  
 
2
0
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Table 6-3 continued 
C-D5-90Deg56-C - 280 281 43 
Strand 
rupture 
7 
(at the same 
time) 
 
C-D6-Bulb0-M - 
No wire was 
fractured 
212.8 46 Bond failure 0 
Bond head 
C-D6-Bulb0-C - 
No wire was 
fractured 
240.7 52 Bond failure 0 
C-D6-Bulb18-M - 270 310 60 
Strand 
rupture 
Bond failure 
2 
C-D6-Bulb18-C - 
No wire was 
fractured 
180 39 Bond failure 0 
C-D6-Bulb22-C - 
No wire was 
fractured 
250 54 Bond failure 0 
C-D6-Plate18-M - 271 274.5 59.5 
Strand 
rupture 
4 
End plate C-D6-Plate24-C - 278 281 61 
Strand 
rupture 
7 
(at the same 
time) 
C-D6-Plate30-C - 279 279 60.6 
Strand 
rupture 
4 
 
G-D3-S48-M (1) 168 227 242 19.3 Bond failure 1 Straight 
 
  
 
2
0
6
 
Table 6-3 continued 
G-D3-S48-M (2) 
203 
 
230 
 
275 
40.6 
(20.3) 
Strand 
rupture 
7 (3.5/strand) 
 G-D3-S48-M (I) 142 
No wire was 
fractured 
230 20 Bond failure 0 
G-D3-S48-C 
191 
(2rd cycle to 200 ksi) 
248 265 21 
Strand 
ruptured 
4 
G-D3-Curved60-M 
No free-end slip was 
observed 
230 
 
268 19.5 
Strand 
ruptured 
4 Curved 
Note: 1 ksi = 6.895 MPa; 1 kips = 4.448N. 
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Table 6-4: Force transferred through bond and anchorage  
, in. U, ksi °, kips Bond, kips (%) Anchorage, kips (%) Anchorage type 
0.375 200 17 15.1 (89%) 1.9 (11%) 
90-degree bent 
0.5 200 30.6 20.1 (66%) 10.5 (34%) 
0.6 150 32.55 18.4 (57%) 14.1 (43%) Bond head 
0.6 175 38 10.6 (28%) 27.4 (72%) End plate 
Note: r = strand diameter,  = strand stress, ¬ = applied force. 1 in. = 25.4 mm; 1 ksi = 6.895 
MPa; 1 kips = 4.448N. 
 
Table 6-5: Back calculated bond stress values between unstressed strand and surrounding 
concrete 
, 
in. 
U′z, 
psi 
Anchorage 
, 
in. 
Loading 
type 
±, 
psi 
±< =
 ± √³£nU<z , 
psi 
´
=  ±
<
√³£ 
Researchers 
0.375 4000 
Straight 
54 Monotonic 450 477 7.1 
Liang and 
Sritharan 
0.375 4000 54 Cyclic 206 218 3.3 
0.6 4000 54 Monotonic 490 520 7.7 
0.375 4000 
90-degree 
bent 
42 Monotonic 350 371 5.5 
0.375 4000 42 Cyclic 350 371 5.5 
0.5 3850 56 Monotonic 305 330 4.9 
0.5 3850 56 Cyclic 305 330 4.9 
0.6 4000 
Bond head 
18 Monotonic 328 348 5.2 
0.6 3850 22 Cyclic 230 249 3.7 
0.6 3850 
End plate 
24 Monotonic 262 283 4.2 
0.6 3850 30 Cyclic 262 283 4.2 
Average (Standard deviation) 5 (1.35) 
0.5 6320 
Straight 
45 - 275 232 3.5 
Salmons and 
McCrate 
0.5 5660 30 - 310 276 4.1 
0.5 6610 20 - 360 297 4.4 
0.5 7090 
90-degree 
bent 
40 - 486 387 5.8 
0.5 7150 30 - 555 440 6.6 
0.5 6340 20 - 430 262 5.4 
Average (Standard deviation) 5 (1.15) 
Note: r = strand diameter, ′ = concrete compressive strength, ¡m = embedment length, ¯ = 
bond stress, ¯′ = bond stress normalized to 4500 psi of concrete compressive strength. 1 in. = 
25.4 mm; 1 psi = 6895Pa.  
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Figure 6-1: Bent-strand connection detail studied by Miller et al., 2004 
 
(a) Grouted unstressed strands placed through the entire cap beam 
 
 
(b) Extended unstressed strands anchored within the cap beam 
Figure 6-2: Positive moment connection details in seismic regions (Vander Werff et al., 2015) 
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Figure 6-3: Test specimen for strands embedded in grout (Snyder et al., 2011) 
 
 
Figure 6-4: Test setup 
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Figure 6-5: Instrumentation details beyond the bonded region 
 
Figure 6-6: Strand stress-displacement response comparisons of strands anchored in grouted 
ducts 
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Figure 6-7: Strain distribution along the embedment length for two strands per duct 
subjected to monotonic loading 
 
Figure 6-8: Strand stress-displacement response of 0.375 in. (9.5 mm) diameter straight 
strand anchored in concrete 
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Figure 6-9: Strand stress-displacement response of 0.375 in. (9.5 mm) diameter strands 
anchored with 90-degree bent in concrete 
 
 
 
(a) Straight anchorage 
 
(b) 90-degree bent anchorage
Figure 6-10: Effect of strand diameter on the strand stress-displacement response 
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Figure 6-11: Strand stress-displacement response comparisons for strands with bond head 
anchorage in concrete 
 
Figure 6-12: Strand stress-displacement response comparisons for strands anchored with end 
plate in concrete 
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(a) 0.375 in. diameter 
 
(b) 0.6 in. diameter
Figure 6-13: Strand stress-displacement response comparisons for strands with different 
anchorage types. Note: 1 in. = 25.4 mm. 
 
(a) 90-degree bent (0.5 in. dia.) 
 
(b) 90-degree bent (0.375 in. dia.)
 
(c) Bond head (0.6 in. dia.) 
 
(d) End plate (0.6 in. dia.)
Figure 6-14: Measured strain distribution along the embedment length at different stress 
level. Note: 1 in. = 25.4 mm.   
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(a) Straight anchorage 
 
(b) Curved tendon curvature
Figure 6-15: Strand stress-displacement response comparisons for strands anchored in grout 
and concrete 
 
 
  
Figure 6-16: Percentage of total applied force transferred through bond and anchorage 
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Figure 6-17: Strand stress and strain relationship model used for analytical analysis 
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(a) 90-degree bent (0.375 in. dia.) 
 
(b) 90-degree bent (0. 5 in. dia.) 
 
(c) Bond head (0.6 in. dia.) 
 
(d) End plate (0.6 in. dia.)
Figure 6-18: Measured and analytical strain distribution comparisons at different 
stress level. Note: 1 in. = 25.4 mm. 
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(a) 90-degree bent (0.375 in. dia.) 
 
(b) 90-degree bent (0.5 in. dia.) 
 
(c) Bond head (0.6 in. dia.) 
 
(d) End plate (0.6 in. dia.)
Figure 6-19: Measured and analytical strand stress-displacement relationship for 
strands anchored in concrete. Note: 1 in. = 25.4 mm. 
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 CONCLUSIONS AND RECOMMENDATIONS 
7.1 Introduction 
With the development of bridge designs and construction methods, corresponding 
seismic analysis is required to evolve to embrace these new designs and construction methods. 
The overall goal of the research presented in this dissertation is to advance seismic analysis 
capability in order to enhance the design and construction practices of bridges in seismic zones.  
In order to fulfil this goal, a list of tasks has been conducted. This chapter will provide a 
summary of the completed work, followed by conclusions derived from multiple studies. 
Recommendations for future study will be given at the end of this chapter. 
7.2 Results Summary 
Chapter 2 is a comprehensive literature review about current knowledge on topics 
related to the research presented herein, which includes fundamental material properties of 
confined concrete, flexural behavior of hollow bridge columns, and bond characteristics of 
unstressed strands. This chapter starts with confined concrete models that were primarily 
developed based on experimental study of small-scale solid concrete columns subjected to 
centric axial compression. Although the confinement effect for concrete is generally well-
understood, significant divergent confined concrete models have been proposed by different 
researchers. In considering previous research about hollow bridge columns, most focused on 
studying the flexural behavior of hollow bridge columns by conducting large-scale experiments. 
Therefore, details of column units tested by previous research and the developed force-
displacement responses of these column units were reviewed and summarized. It was found 
that hollow columns with a single layer of transverse reinforcement may experience limited 
ductile behavior, if axial load and wall thickness were designed properly. However, the inside 
concrete wall crushing controlled the failure and determined the ductility. On the other hand, 
hollow columns with two layers of transverse reinforcement connected with cross-ties 
presented ductile behavior, with the failure dominated by fracture of longitudinal 
reinforcement. Besides experimental study, this chapter also reviewed several analytical studies 
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on hollow concrete columns, in an effort to better understand the confinement effect in hollow 
columns. Finally, the fundamental bond mechanisms of strands were discussed and the bond 
characteristics of strands based on pullout tests were presented.  
In Chapter 3, the confinement effect in circular hollow columns was systematically 
investigated with the help of finite element analysis (FEA) method. This chapter first studied the 
confinement effect in solid concrete columns using fundamental key variables such as the 
confining pressure and concrete dilation. The finite element models were then validated for 
both solid and hollow sections. Finally, the confinement effectiveness in hollow concrete 
columns was investigated, with the confinement reinforcement configuration, wall thickness, 
and confinement reinforcement amount as the key variables. The analyzed confinement 
reinforcement configuration included a single layer of transverse reinforcement, two layers of 
transverse reinforcement without cross-ties, and two layers of transverse reinforcement 
connected with cross-ties.  
Although hollow concrete columns can be designed either with two layers of transverse 
reinforcement and cross-ties or a single layer of transverse reinforcement, the latter choice is 
preferred if the ductility requirement is not high. This is because placing two layers of 
reinforcement and cross-ties results in significant labor and construction costs. Therefore, 
Chapter 4 focuses on the behavior of hollow concrete columns with a single layer of transverse 
reinforcement. Based on the results presented in Chapter 3, the confinement effect in hollow 
concrete columns with a single layer of transverse reinforcement is not as well as that 
established for solid concrete columns. A modeling method was proposed in Chapter 4 to 
account for this reduction of confinement effectiveness. Suitable modifications were 
introduced to an existing widely-used confined concrete model (i.e., Mander’s model) based on 
a detailed FEA. The force-displacement responses predicted using the modified confined 
concrete model, which is applicable for hollow columns confined with a single layer of 
reinforcement, were compared to both previous research and the experimental responses 
obtained in the current study. 
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Following the same modeling approach presented in Chapter 3, the confinement effect 
in square hollow columns was systematically investigated in Chapter 4.  The primary 
investigated parameters included confinement reinforcement configuration, wall thickness, and 
confinement reinforcement amount. The confinement effect in square hollow columns was also 
understood using key variables of confining pressure and concrete dilation. 
Finally, the load transfer characteristic of unstressed strands was examined based on 
pullout tests. With the development of precast concrete industry, strands provide an 
economical and practical solution as connection reinforcement of precast concrete members. 
The unstressed strands were embedded in large concrete blocks with different anchorage 
details and various embedment lengths. The relationship between strand stress and loaded-end 
slip was developed and several design recommendations were made regarding the use of 
unstressed strands as connection reinforcement of precast concrete members. 
7.3 Conclusions 
Based on the analytical and experimental study conducted in this research for multiple 
projects, the following conclusions were derived. 
Within the analytical study conducted on the confinement effect of circular hollow 
bridge columns, several conclusions were produced and are presented as follows: 
• Hollow concrete columns with two layers of confinement reinforcement connected with 
cross-ties provide the most effective confining pressure to the concrete core. 
• The confined concrete behavior for hollow concrete columns confined with two layers 
of confinement reinforcement and cross-ties improves as the ratio between the inner 
layer of confinement reinforcement amount and the outer layer of confinement 
reinforcement amount changes from 5:5 to 1:9. Therefore, the required confinement 
reinforcement amount placed near the inside concrete wall surface should be much 
smaller than that required near the outside concrete wall surface, especially for those 
with thicker walls. 
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• The confinement effectiveness in hollow concrete columns confined with a single layer 
of reinforcement is smaller than that experienced by the solid columns with the same 
outer dimension. This confinement effectiveness reduction can be illustrated using the 
concrete dilation as the key parameter. 
• Hollow concrete columns experience a less outward concrete dilation compared to solid 
concrete sections under the same axial concrete compressive strain. 
• For hollow concrete columns confined with a single layer of the same amount of 
transverse reinforcement placed near the outside concrete face, the outward concrete 
dilation increases with the increase of wall thickness, but decreases with the increase of 
the amount of confinement reinforcement.  
• As wall thickness increases, the demand for the confinement reinforcement placed near 
the outside concrete wall surface is increased for hollow concrete columns with a single 
layer of confinement reinforcement. 
After realizing that the confinement effectiveness in hollow columns with a single layer 
of transverse reinforcement is smaller than that established for solid columns with the same 
outer dimension, a modeling method was proposed to model the effect of confinement in 
circular hollow columns with a single layer of transverse reinforcement. Suitable modification 
factors were introduced to a widely accepted and used confined concrete model that was 
developed and validated based on solid concrete sections (i.e., the model proposed by Mander 
et al., 1988). This modeling method was verified by comparing it to the experimental results 
obtained from previous research and the current research. With the analytical and 
experimental study on the behavior of circular hollow columns with a single layer of transverse 
reinforcement, several conclusions are presented below: 
• The comparison to previous research has shown that the model can predict the 
response of the hollow columns with good accuracy, and that it provides a conservative 
estimate of column failure due to crushing of the inside concrete wall surface. 
• The comparison of the model to the experimental testing discussed in this paper has 
shown that the model can also accurately predict the response of the hollow columns as 
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well as the failure of these columns caused by fracture of longitudinal reinforcement. 
The experimental results found that the hollow columns experience only a slightly 
reduced lateral load capacity when compared to similar solid columns.  
• The comparison of the response between hollow and solid columns using realistic 
material properties in bridge columns indicates that a hollow column with a single layer 
of transverse reinforcement can present similar behavior as solid columns, if designed 
with a low axial load ratio and low flexural capacity.  
Besides circular hollow columns, the effect of confinement in square hollow columns 
was also systematically studied with the help of finite element analysis method. Within this 
analytical study, several conclusions were made and presented as follows: 
• The confinement effect of reinforced concrete members can be illustrated by confining 
pressure and concrete dilation as the key parameters.  
• The concrete dilation for square hollow sections is significantly different from circular 
hollow sections. The concrete in a square hollow section dilates both inward and 
outward, while the concrete in a circular hollow section dilates primarily outward. 
• The variation of concrete dilation explains the difference in the confined concrete 
behavior between circular and square hollow sections. 
• Hollow concrete sections with two layers of confinement reinforcement connected with 
cross-ties would provide the most effective confinement effect to the concrete core, 
especially for thicker walls. 
• The same amount of inner and outer layer of lateral reinforcement is suggested for 
hollow sections confined with two layers of lateral reinforcement and cross-ties, since 
no obvious difference was observed for the confined concrete behavior as the inner to 
outer layer of reinforcement ratio changed from 5:5 to 1:9. 
• For square hollow columns with a wall thickness ratio equal to or smaller than 0.1, one 
layer of lateral reinforcement placed near the outside concrete wall is recommended, 
because two layers of lateral reinforcement and cross-ties did not improve the confined 
concrete behavior significantly. 
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• A wall thickness ratio of 0.15 is suggested for hollow sections confined with two layers 
of lateral reinforcement and cross-ties. 
• The confinement effectiveness in square hollow concrete sections confined with one 
layer of reinforcement is significantly smaller than that experienced by solid sections. 
This confinement effectiveness reduction can also be illustrated by the concrete dilation, 
because the confinement effect takes place once the lateral reinforcement experiences 
significant stress induced by outward concrete dilation. 
 
Within the experimental and analytical study conducted on the unstressed strands for 
connection design of precast concrete members, several conclusions were produced. These 
conclusions include: 
• For strands embedded in grouted ducts, applying initial stress was detrimental to the 
bond capacity between the strand and surrounding grout.  
• Placing two strands per duct did not seem to deteriorate the bond capacity between the 
strand and surrounding grout. A forty-eight in. (1.2 m) bonded length was sufficient to 
transfer the force for straight strands embedded in grouted ducts up to the wire rupture. 
• Curved tendon curvature was beneficial to fully develop the strand embedded in 
grouted ducts and concrete. 
• For strands embedded in concrete, the end plate anchorage provided the best 
performance within the four anchorage details (i.e., straight, 90-degree bent, bond head, 
and end plate) studied in this research, as long as the strand chucks which included 
bearing plates, barrel anchors, and wedges were assembled favorably.   
• The end plate anchorage could reduce the bonded length of strand significantly, while 
maintaining the satisfactory behavior. The behavior of strands with this type of 
anchorage did not have noticeable difference with different bonded lengths (18 in., 24 
in., and 30 in.). The measured strain data validated that the applied force is primarily 
taken by the plate once the strain penetrated to the anchorage location and an 18 in. 
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(0.46 m) bonded length is adequate to fully develop the strand with end plate 
anchorage. 
• The performance of the bond head anchorage is not reliable, which may be highly 
dependent on how well the plastically deformed wires were bonded to the surrounding 
concrete. The strand anchored with bond head anchorage experienced significant 
loaded-end displacement without fracturing the strand. Also, the local slip at the bond 
head location started to occur as the strand stress reached 100 ksi (689 MPa). 
• Fifty-six in. (1.4 m) embedment length with eight in. (0.2 m) pre-bent length is sufficient 
for 0.5 in. (12.7 mm) diameter strands to be fully developed, subjected to both 
monotonic and cyclic loading. Similarly, forty-two in. (1 m) embedment length with six in. 
(0.15 m) pre-bent length is adequate for 0.375 in. (9.5 mm) diameter strands to be fully 
developed.  
• Based on the measured strain data in the experimental study, a linear strain distribution 
along the embedment length for strands anchored either in grout or concrete was 
assumed. The analytical relationship between the strand stress and displacement at the 
loading end matched well with the measured response, which verified the linear strain 
distribution assumption. 
• Based on the analytical study, the average bond stress normalized to 4500 psi (31 MPa) 
of concrete compressive strength is 335 psi (2.3 MPa), which results in a ratio of 5 
between the bond stress and the square root of concrete compressive strength, with a 
standard deviation of 1.35. 
7.4 Recommendations for Future Study 
Within the outcomes presented in this dissertation, several additional areas were 
identified, which needed further investigation. A few recommendations for future study include: 
• Large-scale testing on the flexural behavior of circular hollow bridge columns with the 
inner to outer layer reinforcement amount ratio of 1:9 could be conducted. In the 
future experimental tests, strains are expected to be measured at both inner and outer 
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layer of reinforcement as well as the cross-ties, to verify the role of cross-ties in such 
reinforcement arrangement.  
• The modeling method proposed for circular hollow columns with a single layer of 
transverse reinforcement could be further verified by performing large-scale 
experimental tests.  
• The current study showed that square hollow columns with a single layer of transverse 
reinforcement cannot perform adequately. Therefore, future study should focus on 
two layers of transverse reinforcement connected with cross-ties. A wall thickness-to-
outer dimension ratio of 0.18 is suggested for future study. 
• The shear capacity and deformation of hollow columns require further detailed study. 
• The relationship between the strand stress vs. displacement at the connection 
interface, derived from the experimental program in this research, needs to be verified 
in the push over analysis to show the adequacy of this relationship. 
